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This report describes a set of exploratory experiments

ABSTRACT

performed on the FM/FM Telemetry System. These experiments
were performed to investigate:
1. System linearity characteristics for two major

sub-systems; i.e., the package sub-system and the
receiving and data reduction sub-system.

2. The effects of tape recorders as a system component.

3. The effects of tape speed compensation as related

to system noise.

In general, the purpose of the linearity experiments was
to determine if any non-linear effects existed within the
system. Overall system tests indicated an affirmative answer.
The degree of non-linearity was determined and a mathematical
model which describes this effect was formulated. This ex-
periment was performed prior to that presented in Technical
Report Number 9 and served as a foundation for the design of
that experiment.

The experiments related to tape recorder effects re-
sulted in the development of a methodology for isolating
the errors associated with individual components of the
system. This methodology is presented in detail and the iso-

lated errors within the experimental system summarized.

A methodology for determining the error assignable to
the instability of the system was also developed. This
methodology is presented and the portion of instability
error associated with the various system components summar-

ized.

Findings on the advantages offered by tape speed compen-
sation have also been summarized. A possible explanation
for the large interaction variance documented in Technical

Report Number 2 is discussed as is the large contribution of
the analog tape recorders to total system noise.
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SECTION I

INTRODUCTION

A. SUMMARY OF PAST EXPERIMENTS

1k Wreamlaan
U Numoer

T ic 2 (X
Analysis of FM/FM Telemetry System for the Saturn Vehicle,
summarized the findings of a set of low noise and a set of
high noise experiments performed on the stated telemetry sys-
tem. In summary form these experiments were concerned
specifically with the behavior of X0-l packages and their
subcarrier oscillators under varying noise conditions. A
block diagram of the system as it existed at that time is
portrayed in Figure 1. It was determined that the experi-
mental packages and subcarrier oscillators were not signifi-
cantly different in behavior; however, an effect which appeared
to be an interaction between packages and subcarrier oscil-
lators was found to be highly significant. Specific estimates
were made for each component of variance based on the theo-
retical model:

Xy 0 b+ 05+ L5+ gy

where:
vl - a grand mean
ts - a package effect
ej - a subcarrier oscillator effect
Iijk - a package - SCO interaction effect
e:.ij - a random eXxperimental error.

. A
From these components a composite error term 02(Response) was

developed and expressed as a percent of full range. It was
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estimated that the minimum and maximum precision of the
FM/FM Telemetry System including the data reduction process
expressed as 99% confidence limits were:

L.74%
+ 3.00%.

Average Minimum Precision =

|+

Average Maximum Precision

It should be noted that at the time the foregoing experiments
were conducted the data reduction process included the services
of the computation laboratory. Outputs from the receiver were
recorded on magnetic tape, and then transferred to the compu-
tation laboratory for demodulation and subsequent processing

through the A/D converter using standardized procedures.

As would be expected, the results of the preceding
experiments led to several specific recommendations on areas
which warranted further study. It was on the basis of these
recommendations that the experiments to be reported here were
designed and ultimately performed. ZEach of the recommendations,
and the actions which have subsequently taken place to accom-
plish them, will be discussed individually.

1. Linearity Experiments. Past experiments in-

cluding the two previously summarized have been based on only
five calibration levels (i.e., 0, 25, 50, 75, and 100 percent
increments of a 5 volt scale). Although this reflects standard
calibration procedures, it was concluded from the preceding
experiments that it would be desirable to map linearity curves
for the total system as well as some of its selected components
at possibly twenty or more calibration points. In this way
assumptions related to the linearity of the total system to

the data reduction portion of the system could be verified or
disproved. Since non-linearity is potentially a source of

bias and consequently inaccuracy in any telemetry system it is
essential that such characteristics be determined and elther
compensated for or eliminated. As a result of this recommen-



dation several experiments have been performed to determine
the linearity of the system in question and some of its selec-
ted components. These experiments include studies of the

linearity characteristics of':

a. The entire FM/FM Telemetry System from the input
of known voltages generated by a DC Voltage Standard into an
X0-l4 package through the digitized output of a ground station

printer.

b. That part of the system from the discriminators

through the ground station printer.

2. Interaction Variance. An A/D converter and an

on-line printer were installed in the ground station of the
Telemetry Laboratory of the Marshall Space Flight Center after
the completion of the Low Noise and High Noise Experiments.

It was further suggested in Technical Report Number 2 that it
would be desirable to perform experiments which isolated the
data reduction system from the rest of the system. In this
way, it was felt that a better understanding of the "cause"

of the large interaction variance would result. Such a series
of experiments has now been performed and the results will be

reported in Sections III and IV of this report.

3. Equipment. It was also recommended that the
Telemetry Laboratory obtain sufficient digital data processing
equipment to conduct experimental evaluations of telemetry
systems. Subsequent to the preceding recommendation a Teleme-
try Data Analysis System has been designed, fabricated, and
installed by the Systems Engineering Laboratories of Fort
Lauderdale, Florida. This system will facilitate the perform-
ance of several recommendations which appear in the final

section of this report.

B. ACCURACY AND PRECISION IN SYSTEMS OF MEASUREMENT

Measurement is defined as determining the dimensions,




capacity, or quantity of anything. For our purposes, it is
important here to recognize that any measured value contains
not only variation in the guantity measured but also errors

of measurement as well. Further, specification of any
measurement system must include not only the measuring device
but also the procedures to be used including the manipulations
of the user as well. When repeated measurements are made of

a quality characteristic under constant conditions a pattern
of variability usually results. The variability may be directly
attributed to the measurement system being used and each
measurement system will have its own unique pattern of varia-
tion. Normal procedure, then, in the study of any measuring
system is to describe its characteristics in terms of accuracy

and precision.

1. Accuracy. Accuracy of a measurement system
refers to its lack of bias. An understanding of the accuracy
of any measurement system is achieved by studying its systema-
tic errors. To determine whether a specific measuring system
or instrument has a bias it must be compared to some invariant
standard. The determination of accuracy may not be as simple
as one might initially expect. For one thing, the only way
to determine a "true'" value is by the use of some other
measuring system. Naturally the system used to determine the
"true" value should be a high precision system believed to be
without bias. Determination of accuracy also implies the
calibration of the system used which in turn gives rise to
other considerations. For instance, it may be found that the
systematic error varies for different "true" values through-
out the total spectrum of the characteristic to be measured.
In this study accuracy will refer to the constant or systema-
tic errors of the system under study.

2. Precision. Whenever a measurement system is

used repeatedly to measure an unchanging characteristic under




carefully controlled conditions the resulting variability 1in
measurement is termed precision. In quantitative terms pre-
cision may be measured by the standard deviation of the fre-
quency distribution generated by repeated measurements of an
unchanging characteristic or generated by the measurement of
a homogeneous sample in the case of destructive testing. When
a specific measurement system is being used this variable or
random error may be interpreted as the measure of variability

within samples or the experimental (residual) error.

The consistency of the measurement pattern of
variation of a particular measurement system as it is used
repeatedly over a period of time is termed reproducibility.
Reproducibility in a measurement system infers that its
variability is in statistical control (homogeneous) which
may be verified by the use of Shewart control charts. If
repeated measurements exhibit an erratic pattern of varia-
bility, the measurement system used must be considered not
reproducible. Consequently, a statement of the general pre-
cision of a measurement system implies that the method of

measurements used is reproducible.

C. THE FM/FM (XO-4) TELEMETRY SYSTEM

The measurement system with which we are concerned
in this report is the FM/FM (X0-l) Telemetry System. This
gystem differs from the one portrayed in Figure 1 only in
respect to the data reduction subsystem. In past experiments
the output from the receiver has been recorded on magnetic
tape, transferred to the computation laboratory for demodu-
lation and subsequent processing through the A/D converter,
and ultimately through a printer. 1In this series of experi-
ments the entire process was accomplished within the Telemetry
Laboratory. 1In addition a coaxial cable was used to connect

the package to the receiver. 1In several of the eXxperiments




a Hewlett-Packard Pushbutton Oscillator was used to simulate
the input of an XO0-l package into the data reduction system.

The input to the XO0-l Telemetry System is a voltage
which ranges from a minimum reading of 0.00 to a maximum
reading of 5.00 volts. Unfortunately, the output of the sys-
tem is a set of dimensionless numbers. In the following
experiments efforts have been made to set the range of th
values at 975 counts which is less than the 102l count full
scale 1limit of the telemetry laboratory printer. This pro-
cedure was used to permit detection of "off scale" readings.
If it is assumed that the X0-l system is linear, then the
dimensionless numbers may be functionally related to the input
voltages by an appropriate transformation using the calibra-
tion levels. By assuming complete linearity the functional
relationship may be stated as followss:

- 5
vV = TT(D - Co)

= 5 _

35 (D - 24)
= .00513(D - 24)
where,

V = YVoltage input.
D = Digitized output.

C, = Digitized output at the 0% calibration level
assumed to be 2.

R = Range of digitized output from 0% to 100% cali-
bration assumed to be 975 counts in this case.

It is obvious from the above relationship that no
systematic errors are possible as long as the calibration
levels are linear and the range of the digitized output
remains constant. These assumptions have been tested sta-

tistically and will be discussed in Section II.

7



D. THE SPECIFIC PROBLEM

1. Restrictions. Evaluation of prior experiments

with the FM/FM Telemetry System and consultation with the
technical representatives resulted in the following restraints

to be observed in the conduct of the experimental program.

a.

The system calibration would be simulated by
either an accurate d.c. voltage source or an
accurate frequency reference standard depend-
ing on the portion of the system under study.

The input d.c. voltage or reference frequency
would be adjusted to simulate the five levels
of calibration. An exception was provided for
linearity checks to permit the use of 0.25 volt

intermediate levels of calibration.

As in the past only one channel would be under
test at a time. The d.c. voltage on the re-
maining channels would be set at 2.500000.

The output from the receiver would be either
directly printed or recorded on magnetic tape
and in some cases both simultaneously. All
demodulation and subsequent processing through
the A/D converter and printer would be accom-
plished on the equipment available in the
Telemetry Laboratory.

A production quality XO-lL package and other
system components would be used in all experi-
ments. Check-out procedures would be those
normally in use and would be checked by

Telemetry Laboratory personnel.

The digitization of the output signal would be
at a rate of 5 samples per second. Sufficient

data would be recorded to provide at least a two




second sample for each calibration within each

channel for all experiments.

g. Several XO-l packages and at least five sub-
carrier oscillators for each frequency would be
made avallable as well as two Ampex Analog re-

corders in the Telemetry Laboratory ground station.

h. When using magnetic tape for recording data, 5
tape tracks would be used to record data, 1 track

for compensation, and 1 track for voice identifi-
cation.

2. Questions to be Answered.

1. Does a linear model provide an adequate fit to the

data for a particular channel?

2. Does a significant non-linear effect exist in the
system?

3. If there is a non-linear effect, which component (or

components) is responsible for the effect?

ly. TIs there a significant difference in the effects of

different analog tape recorders?

5. 1Is tape speed compensation effective in the reduction
of nolise when using analog tape recorders?

6. Is there an interaction effect between recorders and
tape speed compensation?

7. What amount of error do the discriminators, digitizer,

printer, and associated circuitry introduce into the system?

8. What amount of error is introduced into the system

by the package, SCO's and associated circuitry?

9. What is the amount of error introduced into the

system due to the recorder and magnetic tape?

9




10. How much, if any, does tape speed compensation
reduce the total error of the system?

11. Is the experimental data reproducible? If not,
how much reduction in system error can be expected if

measures are taken to ensure reproducibility of the experi-
mental data?

10




SECTION II

LINEARITY EXPERIMENT

A. THE PROBLEM

1. Introduction. The assumptions concerning

linearity of the XO0-ij FM/FM telemetry system acquire their
importance in the data reduction process. More specifi-
cally, at present the mathematical model assumed in the
data reduction process for the system relationship is a
fourth degree polynomial. If, for example, the relation-
ship between system input and output is truly linear then
it is possible to introduce error into the reduction pro-

cess by using a model other than a linear one.

The determination of the linearity characteris-
tics of the FM/FM telemetry system is also important in
evaluating the need for redesign. If the system is non-

linear an analysis of the subsystem components could pro-
vide indications of the source of the non-linear effect.

Consequently, the linearity experiment was
designed to:

(1) derive an appropriate linear relationship for
each channel within the system.

(2) determine if the linear model provides an
adequate relationship between system input and
output.

(3) determine whether a higher degree equation pro-

vides a better model for the system.

(L) isolate the non-linear effect, if any, within

the subsystem components.

The experiment was conducted under the direction of quali-

fied ground station personnel.




2. Accuracy. The calibration of the FM/FM tele-
metry system is facilitated by a five-step calibration
sequence. Such a calibration sequence occurs several times
during a flight. 1In the data reduction process Lagrangian
interpolationl is used to relate the digitized output
values to the input voltage of the system. Loss of accuracy
results only in the data reduction process when an in-
appropriate mathematical relationship is used to infer in-

put values associated with given output values.

The accuracy of the FM/FM telemetry system is
illustrated in Figure 2 . The solid line represents a
conceptual plot of the true relation and the dashed line is
an estimated relationship resulting from calibration data.
If the two curves do not coincide then inaccuracy (constant
bias) is introduced into the information. This inaccuracy
is represented by the resulting vertical deviations of the

two curves 1in the figure.

It is possible that a particular degree curve
provides the best relationship between input and output
even though the curve does not pass exactly through every
calibration mean. The calibration means are computed from
a sample and, therefore, will likely deviate from the true
means because of the random error (precision) of the system.
Again, refering to Figure 2 , the estimating relation may
pass exactly through the means and still be the wrong re-
lationship for the system.

Therefore, 1t is desirable to develop a procedure
which considers the random error in establishing the system
relation. Such a procedure could be applied equally well
to the evaluation of the linearity characteristics of the
subsystem components.

Lagrangian interpolation results in the fitting
of an nth degree curve through n+l points, in this case a
fourth degree curve through 5 points.

12
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3. Present Linearity Test Procedure. One procedure

currently being used to check the linearity of subsystem

components is as followsa.

(1) Input known voltages into the system ordinarily

at standard calibration levels.

(2) Determine a digitized output value for each level

of input.

(3) Fit the "ideal straight line" on a graph of out-
put digits versus input voltage by drawing a
straight line to connect the zero percent point
to the 100 percent output point. The sample size
for determining the points is not specified but
the points apparently represent a mean for some
time period as specified for checking a specific

component.

(4) Add the greatest positive deviation and the
greatest negative deviation from the "ideal
straight line" and divide the sum by two to obtain

an average.

(5) Divide the value determined in step (L) by the
scale range of the "ideal straight line" and

multiply by 100 to convert to a percentage.

(6) If the value expressed in percent is equal to or
less than + 0.15% accept the derived line as an
acceptable model.

This procedure was not considered acceptable for experi-

mental purposes for several reasons including:

(1) The line thus derived from the zero and 100 per-
cent points does not reflect the information
available from the other points. All of the

points contain a certain amount of systematic and

2 The procedure 1s specified in "SC0-101D, 15
May, 1963, Specification Subcarrier Oscillator".

14




random errors. The "ideal straignt line" connect-
ing the zero and 100 percent points does not use
the knowledge of these errors.

(2) The line determined cannot be mathematically re-
lated to the population from which it was drawn.
For example the coefficients are not necessarily
unbiased and minimum variance estimates of the

universe parameters.

Therefore, in this experiment it was decided to use some
other procedure to obtain an acceptable model for the re-

lation between input and output.

B. THE EXPERIMENTAL DESIGN

1. Experimental Conditions.

a. INPUT. Two different types of Input were employed
in the linearity experiment, voltage and frequency. For a
test of the entire XO-L (FM/FM) system a 21 step voltage
function was used to simulate the input from a transducer
through the X0-l package to the receiver. The 21 steps were
generated over a zero to five volt range in 0.25 volt in-
crements by a d.c. voltage standard accurate to six decimal
places.

To isolate the non-linear component, if any,
associated with the package, input was provided to the re-
ceiver by a Hewlett-Packard frequency generator. In this
case 11 frequency steps were generated fromthe lower to
upper band edge of each of the 17 channels. The 11 fre-

quency values for each channel are presented in Table 1.

The two types of input were primarily used to
isolate the non-linear component, if any, in the system.
A schematic diagram of the system for the two inputs is
given in Figure 3, It can be seen from the figure that
both the package system and frequency standard system were

identically the same from the receiver through the printer.

15



TABLE 1

FREQUENCY DEVIATION SCHEDULE ABOUT
CENTER FREQUENCY BY CHANNELS

Step Channel
2 3 I 5 6 7 8 9 10
1 | 520 | 675] 890 {1200 1575 2125 | 2775 | 3600 [5000
2 | 528 | 6861 9oL |1220 } 1600 | 2160 |2820 | 3660 {5080
3 536 1 6971 918 1240 1625 {2195 | 2865 | 3720 |5160
I | sl | 7081 932 1260 | 1650 {2230 | 2910 | 3780 5240
S {552 } 719 946 |1280 |1675 | 2265 2955 | 3840 |5320
6 | 560 | 730} 960 |1300 {1700 |2300 | 3000 | 3900 {5400
7 | 568 | 7h1} 974 [1320 J1725 12335 | 3045 | 3960 |[5480
8 | 576 |752] 988 1340 J1750 2370 3090 | 4,020 |5560
9 | 584 {763]1002 }1360 J1775 }2405 | 3135 | LOBO |56L0
10 | 592 | 7741016 }1380 |1800 faul0 } 3180 | 41L4o |[5720
11 | 600 | 785]1030 {1400 {1825 fau75 | 3225 | 12oo (5800
Step Channel
11 12 13 1l 15 16 17 18
1 68001 9700]13,400(20,350)27,750137,000 {48,550 {6l4,750
2 |6910f 9860]13,620|20,680}28,200}37,600 |49,340 |65,800
3 }7020]10,020)13,840}21,010}28,650}38,200 50,130 {66,850
4 }7130}10,180§1L4,060}21,340}29,100]38,800 }50,920]67,900
5 {7ayo]10,340]|14,280421,670)29,550139,400|51,710168,950
6 |7350(10,500f1L,500}22,000}30,000 {40,000 |52,500 |70,000
7 {7L60}10,660])1L4,720])22,330}30,450}40,600 |53,290{71,050
8 |}7570{10,820(14,940{22,660]30,900 {41,200 {54,080 |72,100
9 |7680}10,980(15,160}22,990]31,35041,800 {54,870 |73,150
10 {7790f11,140|15,380423,320(31,800{42,400 {55,660 |74,200
11 17900411,300{15,600|23,650|32,250(43,000 }56,450|75,250

16
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Hence, any difference in the two systems will reflect

effects preceding the receiver.

b. QUTPUT. The output of the system was a set of
dimensionless numbers (counts). The range of the digitiza-
tion and printing equipment was from zero to 1024 counts.
Therefore, for this experiment effort was made to maintailn
the origin at 2 counts and the range at 975 counts. This
enabled the experimenters to detect any shifts at the end
points. Thirty samples were taken at each level from which
means were computed and retained for subsequent analysis.

2. Mathematical Models.

a. SYSTEM MODEL. Under the assumption of linearity of
the FM/FM telemetry system a model relating system input to

output is as follows:
I. + e, (1]
where,

{Oi} is a set of observed output values from the

system.

ao and a, are the universe parameters of the

appropriate linear relationship for the system.

Ii is the ith value of the controlled input to the

system.

{e;] is a set of independent random variables which
represent the unpredictable and uncontrolled effects
of the system. The e; are assumed to be drawn from a
normal population with zero mean and variance o, i.e.
NID(o,oe).

18




In practice the a's must be empirically estimated from
experimental data for the system. Such an estimating re-
lation might be,

0. = a_ + all. (2]
where,

a, and a, are estimates of the universe parameters

< and A .
In the data reduction process 1t is necessary to infer
inputs for given outputs. Therefore, for data reduction

equation [2] would be in the form

I; = (05 - a)/ay. (31
However, since either of the above equations may be used to
determine the linearity characteristics of the system we
will use the form of equation [2] in this report. Equation
[2] can be extended to provide models for higher degree
polynomials as follows:

2 r

2I. +...+ a I. . [2a]

0. = a_+
i i r-i

o alli + a

Models through the fifth degree will be considered in the
latter part of this chapter.

b. LEAST SQUARES. In the analysis of the experimental
data the method of least squares was used to construct mathe-
matical models for the environment. This method is more
desirable than others as it gives unbiased and minimum
variance estimates of the universe parameters. This method
is so named because through the method of least squares we

19




obtain the curve which minimizes the squared deviations

between the actual and computed points:

= g minimum.

The Y's are the observed (actual) points and the Y = a, + ale

are the computed points (for a first degree curve).

To illustrate the method of least squares consider
the situation where it is desired to fit a straight line to a
set of experimental data. To determine estimates of a, and

al we form the expression,

542 = 3(¥ - 12 = 3(y - a - X

)2
To minimize the above expression partial deriva-

tives of this expression with respect to a, and a, are set

1
equal to zero. This mathematical manipulation results in the

following normal equations:

a N + alzx = Y (4]

a IX + alZX2 = IXY (5]

Inasmuch as a, and a, are the only unknown quanti-
ties in equations [L4] and [5], their values may be determined
by simultaneous solution of these two equations. To determine
the least squares second degree curve for the data, it 1is
necessary to add another term, a2X2, to the expression for

Zd2 and rederive the set of normal equations. This may be
continued for any degree curve desired. Table 2 lists a

summary of the normal equations through the fifth degree.

20
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3. Criteria for Model Selection.

a. INTRODUCTION. Experience indicates that the FM/M
telemetry system may be moderately non-linear. Therefore,
some criterion must be established to determine the devia-
tion permissible before the hypothesis of linearity is
rejected. Further, if the linearity assumption is rejected
the criterion must be applicable to the testing of the
appropriateness of a higher degree model for the system.
From graphs of past data it appears that the non-linear
effect is only slight. Therefore it was decided that the
analysis of this non-linear effect should not continue past

the fitting of a fifth degree (quintic) curve.

In order to select the appropriate model from the
mathematical models available some measure of effectiveness
for each of the models must be obtained. Two such measures
often associated with least square curves are the standard

error of the estimate and the coefficient of correlation.

b. STANDARD ERROR OF THE ESTIMATE. The standard error
of the estimate (SY.X) is a measure of the amount of
variation of the actual values of a dependent variable from
its estimated or computed values. It is defined more pre-
cisely as:

N A oD
Q = -
Sy.x = 3 (Y - X)W [6]
i=1
where,
Yi = the observed value
A
Y; = the computed value from the regression
equation
N = the number of observations.

e2




This measure indicates the variation which has not been

explained by the estimating equation. As in the case of a

sample variance 1t is necessary to unbias S§ X to obtain
a reasonable estimate of the variation expected in the total
population. An unbiased estimate of 0% X of the universe
is

AV _ 2 N

Sy.x T Sy.x (Fem! (7
where,

m = the number of coefficients in the estimating
equation.

Because of the nature of least squares regression
analysis SY.X must either remain constant or decrease as
each higher degree curve is fitted to the data. The stan-
dard error cannot increase. If the next higher degree
equation offers no better fit, then the corresponding co-
efficient is zero and SY.X w%ll remain constant. However,
the unbiased standard error, SY.X s, may increase as well as

remain constant or decrease.

Consideration was given to using the unbiased
standard error to determine the appropriate mathematical
model for the system. The appropriate model would be that

degree equation for which

A

Sy.X(k-1) Sy.x(x) 2 Sv.x(k+1) (8]

where,

k = the degree of the estimating equation.

However, such a measure of appropriateness of the system
N A

model was not acceptable because in some cases S
A

may be less than S

Y. X(k+2)

A
even though S is not.

Y.X(k) Y.X(k+1)

23



The unbiased standard error is an acceptable measure of

variation once the system model has been selected.

c. COEFFICIENT OF CORRELATION. The coefficient of
correlation, r, is used to measure the degree of relation-
ship between variables and is independent of the units or
terms in which the variables are expressed. However, the
coefficient of correlation is not indepen

A
ard error of the estimate. The relation between the two 1is

2 _ 2 2

r-=1-S8y / sy - (9]
Perfect correlation is indicated by r = + 1. When there is
no functional relationship between the variables then r = O.

As in the case of the standard error the correlation
coefficient is a blased estimate. An unbiased estimate of

the universe correlation coefficient is given by

2
2 _ r°(N-1) - (m-1) . 110]
N - m

With the knowledge (from equation [9]) that r2 is inversely
2

Y.X
must continue to increase or remain constant for each higher

proportional to S it is not surprising to find that r

A —
degree equation. Analogous to S r is not restricted

Y.xXx °’
to increase or remain constant.

As a measure of effectiveness for selection of the
appropriate regression model we could choose that degree

equation for which

“k-1) S T(k) 2 T(kl) L]

As before such a measure was found to be unacceptable since

even though equation [11] may be satisfied F( could

k+2)

also be greater than F(k) .

2 .




d. ANALYSIS OF VARIANCE. The technique of analysis
of variance can be used to test the significance of each of
the coefficients of an estimating equation. For example,
analysis of variance may be used to determine if a signifi-
cant linear trend exists among the data. The analysis of
variance technique may also be used to determine whether a
second degree curve provides a significantly better fit to
the data than a linear model. This technique together with
regression analysis was used in the linearity experiment
described in this section. As we are only interested in
those effects through the fifth degree we will assume that
those effects higher than the fifth degree are negligible.
These effects will be included in the residual (error) sum
of squares. By testing all of the effects at once it will
be pessible to circumvent certain problems assoclated with

3

using analysis of variance with regression analysis~.

The analysis of variance 1s presented in Table 3.
There is only one degree of freedom associated with each
effect. To test the significance of each effect it is
necessary to divide the appropriate mean square by the
residual (error) mean square term. This ratio is compared
to values of the theoretical F-distribution with the appro-
priate degrees of freedom. Significance of a particular
degree effect is indicated when its corresponding variance
ratio is greater than the theoretical value of the F-dis-

tribution.

3If, for example, each effect is tested against
its own error term then the problem arises as to how many
effects must be non-significant before we discontinue
testing higher degree effects.

25



TABLE 3

THE ANALYSIS OF VARIANCE

Source of Sum of Mean Variance
Variation Squares d.f. Square Ratio
. 2 Pl Zl
Linear SSal 1 S, S /Se
. . 2 2 2
Quadratic SSa2 1 S, S, /Se
. 2 2 2
Cubic SSa3 1 S3 S3 /Se
. 2 2 2
Quartic SSa 1 Su Su /Se
L
e s 2 2 2
Quintic SSa 1 85 S5 /Se
5
Error Z(Y-&)2 N-6 Se2
2
Total (Y-Y) N-1

26




L. Restrictions. The linearity experiment was

performed according to the following rules and restraints:

(1) A production quality XO-lL4 package would be used
in the total system tests. An "accurate" Hewlett-

Packard frequency generator would be used in the
subsystem tests.

(2) A 21 step calibration function would be input to
the XO-l package when it was under test. The 21
voltage steps would be simulated by a d.c. voltage
standard accurate to six decimal places. An 11
step calibration function would be input to the re-
ceiver by the frequency generator for the subsystem

tests.

(3) The linearity experiment would be performed under
"low noise" conditions, i.e., all channels except
the one under test would be set at center frequency.

(L4) The digitization of the output signal would be
under real time conditions. The printing rate
would be at five samples per second. Sufficient
time would be allowed to obtain 30 samples for

each calibration step.

C. THE ANALYSIS

1. Introduction. The tests were performed for each

of the 17 channels and each of the two conditions of input
producing 3l sets of data. Tables I and 5 present the
means of 30 samples at each level.

A curvilinear regression program written for the
Univac Solid State 80 Computer was utilized to obtain the
necessary quantities for the analyses. The program was
run in the double precision mode and gave the quantities Sy

and a value of S for each of the five degree curves

Y.X
fitted to the data.
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TABLE 4
LINEARITY DATA FOR SYSTEM CONTAINING XO-l PACKAGE

Channel
Volts 2 3 i 5 6 7 8 9
0.00 2l 23 27 27 L3 L6 29 25
0.25 73 72 75 75 89 91 78 73
0.50 122 121 123 12, 136 137 126 122
0.75 170 170 172 171 183 183 174 171
1.00 219 219 220 220 229 230 223 219

1.25 268 267 269 268 276 276 271 268

'_l

.50 316 316 318 317 323 322 319 317
.75 365 364 366 366 369 369 367 366
.00 L1k 413 415 L15 417 417 415 414
.25 Le2 Le2  L63 Le3 Lok Lély  LeL  Leé3
.50 512 510 512 511 512 512 512 512
.75 560 559 560 560 559 560 561 560
.00 608 608 609 610 607 608 609 608
.25 657 657 657 658 655 656 657 657
.50 706 705 706 707 703 704 706 705
.75 754 754 755 756 752 752 755 755
.00 803 803 8oy 8o, 800 799 803 804
.25 851 852 852 854 849 849 851 854
l{.50 899 901 901 902 899 898 901 903
4.75 9L9 950 950 951 9,8 9,8 9L9 953
5.00 997 999 999 998 998 996 998 1002

N o+

w w w w YN
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TABLE L

Volts

H O O O
T
@]

—
Ul
o Ul

'-J
\]
U

F w oW w oW NN N
N
Ul

L.75

10
2l
72

121

170

219

268

317

366

415

L63

512

561

609

658

707

755

8oy

853

902

951

999

(continued)

11
28
7

125
173
222
270
319
367
415
Lol
512
560
609
658
707
755
80y
853
902
951
1000

Channel

125
17k
221
270
319
367
L15
L63
512
561
609
658
706
755
803
852
901
949
998

29

1h
33

128

176

22l
271
319
367
415
Lol
512
560
609
657
706
755
803
852
901
950
999

O)wlf-*
o

(@)

127
176
22l
271
319
369
415
L6l
512
561
608
658
708
755
8ol
852
902
951
999

171
220
269

W
o~
—~J

L15
L63
512
561
609
658
707
755
8oL
852
901
950
998




FOR SYSTEM CONTAINING FREQUENCY STANDARD

TABLE

5

LINEARITY DATA

Step” Channel
2 3 4 5 6 7 8 9

1 999 999 999 999 1000 996 996 1000
2 907 900 898 902 903 903 897 903
3 812 799 803 805 808 805 799 80O4
I 712 707 702 709 702 704 701 708
5 613 609 607 609 612 608 603 609
6 518 507 508 512 512 508 507 512
7 Lel Wiz 4o9  hiy 412 415 Ko7 Lk
8 329 315 309 318 316 317 310 318
9 22, 219 213 217 218 214 213 220
10 133 125 115 120 120 121 117 124
11 3l 26 17 2l 2l 2l 21 26

3%+ Based on response characteristics of channel.
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TABLE 5 (continued)

Step* Channel

10 11 12 13 1L 15 16 17 18

1 999 999 999 999 999 999 999 999 999
2 900 901 903 903 902 902 903 902 902
3 go, 803 806 805 804 805 806 803 B0k
ly 707 706 709 707 707 707 708 706 706
5 608 608 613 609 610 609 611 608 608
6 512 511 515 512 512 512 513 511 510

~J

415 L1y  y8 iy 415 415 415 41 43
8 318 317 320 317 317 318 318 316 315

9 220 219 222 219 220 220 221 218 216
10 123 122 124 122 122 123 12l 121 119
11 26 25 29 2l 25 26 28 2L 21

i+ Based on response characteristics of channel.
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2. Computations. The sums of squares were obtained

from the results of the regression program by utilizing a
derived computational procedure. The procedure will be
illustrated by an example set of data. Table 6 presents
the results of the regression program for a sample of data.

TABLE 6

REGRESSION ESTIMATES FROM DATA
OF X0-lL PACKAGE USING CHANNEL 2

Degree (k) SY.X(k)
1 0.44516
2 0.39593
3 0.39592
L 0.38887
5 0.37318

N =21 S, =294.5317}

The necessary computations are as follows.

(1) The total sum of squares

2 _ 2
88y = NSy = 21 (294.53174)

1,821,727.86327

(2) The linear sum of squares

_ 2

21 (294.5317L)2 - 21 (0.4L4516)°
1,821,723.70170
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(3) The quadratic sum of squares

2

SS = NSY.X(I)

a - N
2

2
Sy.x(2)

21(0.44516)° - 21(0.39593)°

]

(4) The cubic sum of squares

2 2

S5 = Wy xe) ~ My.x(u)

a3
2

21(0.39593)° - 21(0.39592)

(5) The quartic sum of squares

- 2
SS’aLL = ®vy.x(3) T MSvx)

21(0.39592)° - 21(0.38887)%

]

0.11613
(6) The quintic sum of squares
SS = N 2 2

a Sy.x(y) - Yyv.x(s5)

= 21(0.38887)° - 21(0.37318)°

0.25116
(7) The residual or error sum of squares

_ 2
S5¢ = NSy x(s)

21(0.37318)°
2.921i6

33
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These calculations are summarized and presented in standard
form in Table 7. Since only the linear effect is signifi-
cant it is concluded that the linear model provides an ade-

quate fit for these data.

3. XO0-li Package System. The regression analysis

and analyses of variance were performed on the X0-l package
data of Table L. The results of the tests are presented

in Table 8. 1In general the total system appears to be non-
linear. Although a few channels exhibited cubic or higher
degree effects the tests indicate a much stronger quadratic
effect. All but one of the 17 channels displayed a signifi-
cant quadratic effect at the a = .0l level.

If a second degree equation is used to explain the
relationship between input and output of the system then
the expected variation would be given by S%.X(2)' Using a
mean range of 969.82l; an estimate of the average varaition
in percent of range becomes,

18

e -5 A2 : _
E3{.){(2) —1:2 SY.X(2)1/17 = 0.26261

. s - =2 —
% Variation = 100/ SY.X(E)ﬁ = 0.053

and
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TABLE 8

SUMMARY OF SIGNIFICANCE TESTS
FOR XO-L PACKAGE

Channel

Linear

Quadratic

Cubic

Quartic

Quintic

o~ Ul & ow no

o

10
11
12
13
1l
15
16
17
18

S
G

ate
“

v
b2

S
"

als
P

als
P

als
oo

pOs
o

% Significance at a

36
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lj. Freguency Standard System. The results of the

regression analysis and analyses of variance of Table 5 are
summarized in Table 9. Only two channels exhibited non-
linear effects at the a = .01 level. Hence, we may conclude

that the frequency standard subsystem is linear.

We may determine an estimate of the variation

ar model from the standard error, S, +,/4:-
Y A\ L)

Using a mean range of 973.82L an estimate of the average

variation becomes,

18

2 3

i=2

e e /=2 - .
% Variation = 100 sY.X(l)/é = 0.13L

This represents the residual variation which remains unex-

=2

SY.X(l) )1/17 = 1.70770

2
Y.X(1

and

prlained after the linear model has been fitted to the means.




TABLE 9

SUMMARY OF SIGNIFICANCE TESTS

FOR FREQUENCY STANDARD

Channel Linear Quadratic Cubic Quartic Quintic
2 3%
3 3*
L 3%
5 3%
6 #*
7 3%
8 3% :
9 3*
10 3%
11 3%
12 3 3 3
13 %
1 3%
15 3¢
16 3
17 3%
18 :
#Significance at a = .01




5. Isolation of the Non-linear Component. The

important conclusions of II-C-3 and II-C-l were as follows.

(1) The total system was non-linear.
(2) The frequency standard subsystem was linear.

Recall, from Figure 3 , that the two systems employed
identically the same network from the receiver through
the printer. Therefore, we may further conclude that the
non-linear effect indicated in the total (XO-4 package)
system must result before the receiver. There are two
pieces of equipment in the total system before the re-
ceiver: the d.c. voltage standard and the XO-§ package.
Inasmuch as each setting was made on the d.c. voltage
standard accurate to six decimal places this instrument
was adequately linear for these analyses. This leads to
the conclusion that the non-linear effect of the total

system exists within the XO-l package.

It would be meaningful to visualize the way in
which the quadratic model 1s oriented to the data for the
total system. Figure Ul exhibits a conceptual plot of
the general relationship of the appropriate second degree
equation to the linear model. It can be seen from the
figure that the quadratic curve has a positive accelera-
tion over the range of the data.
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Qutput

Input

FIGURE L CONCEPTUAL PLOT

OF THE ORIENTATION OF THE
NON-LINEAR EFFECT OF THE SYSTEM

The two important facts which are of importance

to telemetry engineers in the redesign of the system are
as follows.

(1) The non-linear effect exists in the XO-l package.

(2) The non-linear effect is one of positive
acceleration.
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SECTION III

ANALYSIS OF THE EFFECTS OF ANAL.OG TAPE RECORDERS
AND TAPE SPEED COMPENSATION

A. EXPERIMENTAL CONDITIONS

An experiment to analyze the effects of analog
tape recorders and the effects of tape speed compensation
on the FM/FM Telemetry System was conducted in the Tele-
metry Laboratory of the Marshall Space Flight Center.

The experiment was supervised by experienced ground
station personnel and all equipment setups were thoroughly
checked before actual data recording began. Much of the
actual setting up of the equipment and the regulation of
the instruments was done by the personnel of the Systems
Engineering Group. A schematic diagram of the tele-
metry system for this experiment is presented in Figure 5.

Only one package, an XO-l}, was used in this ex-
periment and it was supplied voltage by a DC voltage
standard. Five sets of subcarrier oscillators (SCO's)
were used on the package. In addition an AC frequency
standard was used as a sixth input source of data. Each
input source was tested at five voltage levels, 0.00,
1.25, 2.50, 3.75, 5.00 volts, with the voltages being
stepped through in sequence from 0.00 to 5.00 volts. The
frequency standard was used to simulate the voltage input
levels by equating 0% full scale output to 0.00 volt,

25% full scale output to 1.25 volt, 50% full scale output
to 2.50 volts, 75% full scale output to 3.75 volts, and
100% full scale output to 5.00 volts.
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Each input was also tested on each of the stand-
ard IRIG telemetry channels 2 through 18 under "low noise"
conditions.1 Thus, for each input source there were five
calibration levels and 17 channels for a total of 85 sets
of "real time" data.~ Five sets of SCO's were used in
this experiment for two reasons; to insure that addi-
tional data would be available if some of the data contain-
ed spurious results, and also to provide additional data
if replications of SCO's were subsequently recommended.
However, only one set of SCO's and the frequency standard

were analyzed as sources of input.

The identification of the data was by input
source, the various sets of SCO's were labeled A, B, C, D,
E, and the frequency standard was labeled F. The data
generated by SCO set A was chosen to be analyzed altogether
with that generated by the frequency standard. It was
felt that one set of SCO's and one package would suffice
since the analyses performed in Technical Report No. 23
indicated that the average effects are constant from one

set of SCO's to the next and from one package to the next.

In addition to the real time data two Ampex
analog tape recorders were used to record the data simul-
taneously. The selection of input source and channel
under test was randomized and the sequence of the tests

is shown in Table 10.

1 . ..
"TLow noise" conditions mean that each channel

not under test is supplied with 2.50 volts.

°"Real time" data is data which is printed out
at the time of testing. Data which is recorded on tape
and later reproduced is not real time data.

3Griffin, Marvin A. and Simpson, Richard S.
Accuracy Analysis of FM/FM Telemetry System for the Saturn
Vehicle. University, Alabama: University of Alabama,
Bureau of Engineering Research, October, 1963.
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TABLE 10

RANDOMIZED SEQUENCE OF THE TESTS

Sequence 1 2 3 n 5 6
FREQ
SCO B § SCO C } 8CO E |REF STD|{Sco D } sco a

1 18 16 7 12 11 2
2 Iy 12 2 7 Iy 12
3 2 n 5 10 13 6
Iy 17 10 12 3 2 15
[ 15 8 16 2 18 3
6 10 5 1L 15 1L 8
7 3 3 8 5 7 11
8 11 6 n 17 16 5
9 12 17 10 13 3 Iy
10 |4 5 15 18 14 15 13
11 % 9 1l 9 18 10 7
12 5 16 11 11 8 12 16
13 13 13 11 9 10
1l 18 6 16 17 18
15 13 7 17 9 8 17
16 6 9 3 by 5 9
17 14 2 15 6 6 1
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The tapes used for recording were 7 track, 1/2
inch wide, 1-1/2 mils thick analog recording tape. Six
reels of tape were used - one for each input source.

Three reels of tape were Ampex brand and three were Scotch
brand. A 100 KC reference sine wave was recorded on track
3 to be used for tape speed compensation. Track 6 was
used for an audio identification of the data on the tapes.
The actual data was recorded on the remaining tracks (1,
2, b, 5, and 7). When the tapes were played back the data
was taken from track l (the same data was on all of the

data tracks.)

In order to analyze the effects of tape speed com-
pensation and the effects of the tape recorders, each tape
was replayed both with and without tape speed compensation.
Tape speed compensation was accomplished by using a 100 KC
reference discriminator and the standard compensation ad-
justments. When no compensation was being used this
reference discriminator was completely disconnected so as

to avoid any bias which it might introduce.

Each time a sample of data was being taken the
printer was allowed to print for approximately five seconds.
Since the printing rate was about four words per secondu,
approximately 20 data words were printed on the paper. From
this data a sample of 10 consecutive words were chosen near
the middle of the printout. It was felt that this was the

best way to obtain a representative sample.

In performing this experiment considerable care
was taken to insure that the range of the data generated was
kept as constant as possible. This normally required an ad-
justment of the potentiometer on the digitizer and/or re-
setting the responses of the subcarrier oscillators prior to
each data run. The researchers felt unless a constant range

was maintained it would be difficult to make valid comparisons.

uThe printer available at the time the experiment
was run was a small one-channel printer.
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B. THE EXPERIMENTAL DATA

The data generated in this experiment was sum-
marized by the means and variances of the samples. Each
sample consisted of 10 individual observations. All of the
subsequent analyses were performed by the appropriate manip-

ulation of these means and variances.

A large amount of data was generated in this experi-
ment and in order to identify the data a shorthand system of
coding was used. This system of coding is shown in Figure 6.
As can be seen the coding system is simply a shorthand rep-
resentation of the path followed by the electrical signal.
For instance, SBR2WOCP identifies the signal through sub-
carrier oscillator set B (SB), tape recorder 2 (R2), repro-
duced without compensation (WOC), and then into the digitizer

and printer (P).

As stated previously the range of the experimental
data was kept as constant as possible so that valid compari-
sons might be made. Table 11 is a summary of the ranges
computed from the experimental data. The ranges are only
listed for SCO set A and the frequency standard. The reader
should observe the stability of the range. The average
range for SCO A and the frequency standard is 971.L.
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TABLE 11

RANGES OF THE EXPERIMENTAL DATA

CODE IDENTIFICATION
CHANNEL SAP FP SAR1IWCP | FR1WCP SAR2WCP
2 971.0 96L.2 971.0 965.0 971.7
3 98l.0 978.0 98L.2 980.6 982.2
i 961.0 973.8 962.2 973.9 962.0
5 95L.2 971.6 952.3 952.8 951.6
6 975.5 975.6 978.5 956.2 980.7
7 935.1 9L5.7 987.0 97L.7 986.0
8 971.9 973.1 970.2 972.9 961.6
9 917.7 975.7 977.6 97h.7 973.0
10 970.7 971.3 972.4 973.9 970.2
11 975.2 969.7 971.9 953.4 976.1
12 970.0 973.7 971.2 973.6 971.8
13 966.1 974.0 967.3 976.9 966.5
1L 966.7 968.6 971.6 972.3 967 .4
15 969.0 974.2 967 .4 974.0 971.4
16 973.5 972.1 978.8 97L4.0 972.9
17 980.1 972.1 982.1 980.6 979.6
18 972.9 970.4 975.5 973.7 97U4.5
R 965.6 | 970.8 973.0 | 970.8 971.7
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TABLE 11

(continued)

CODE IDENTIFICATION

CHANNEL | FR2WCP | SARIWOCP | FRLWOCP | SARZWOCF | FRZWOCP
2 965.9 968.1 96l.2 969.6 960.3
3 979.L 982.8 982.4 979.0 983.1
N 971;.8 960.2 958.9 962.8 977.0
5 961.1 952.7 976.0 947.6 974.9
6 956.1 977.0 975.7 975.1 977.0
7 972.5 985.3 975.7 982.5 974.2
8 96l.1 972.5 980.8 970.4 961.4
9 975.4 977 L4 97L.3 977.8 980.0

10 97k.3 970.3 971.9 967.8 97h.1
11 974.0 974.3 969.6 971.2 962.0
12 971.0 972.7 97l.7 972.5 969.3
13 97k .l 970.0 975.7 968.0 966.9
1L 97h.2 971.2 975.3 974.1 986.2
15 975.5 971.8 971.6 965.1 572.5
16 977.9 97L4.9 967.3 971.0 97h.6
17 993.6 979.6 986.2 975.4 968.6
18 973.2 978.3 970.3 978.3 960.3
R 572.8 972.9 973.6 971.1 971.9

=
0




C. ANALYSIS OF THE DATA

1. Test of Means. The analysis of any data is con-

tingent upon the information required. The requirements of
this experiment are listed in Section I-D-2 of this report.
The analysis of variance technique was used to test the
hypothesis of equality of means as listed in the require-
ments of the experiment. The analyses of the means for

this experiment were performed by considering two mathe-

matical models.

a. MODEL I. The first mathematical model considered

was,
A T ot b tey Iy toesgy
where,
Xijk = the response in digitized units
'u = an overall mean
ti = a recorder (row) effect, (i = 1,2,...,r)
a; = =a channel (column) effect, (j = 1,2,...,c)
ij = a recorder-channel interaction effect
e,.,, = a random experimental error which is

normally distributed with zero mean and

standard deviation o', (k = 1,2,..., g),

i.e. NID (0,0'?9)
In order for an analysis of variance to be valid o'“
must be homogeneous over gall classifications. A Bartlett's
test of homogeneity of variances was used to test this

ssumption, It was found that the variances were not
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homogeneous across channels. An example of one of the
Bartlett's tests is shown in Table 12 and a summary of all
the Bartlett's tests is presented in Table 13 .

Since the primary objection to Model I was that
channels were considered as a main classification it was
decided that the analyses of variance should be performed
independently for each channel. This was the basis for
Model II.
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TABLE 12

AN EXAMPLE OF BARTLETT'S TEST FOR THE FREQUENCY STANDARD

Data Was Reproduced Without Compensation on Recorder 1.

Input Level - 0% Full Scale

Channel Gi2 si2 Log si2 niLog 83 n; Si2
2 1.61 1.79 0.2529 2.2761 16.11
3 1.29 1.43 0.1553 1.3977 12.87
Iy 7.81 8.68 0.9385 8.41465 78.12
5 0.69 0.77 9.8865-10 88.9786-90 6.93
6 30.21  33.57 1.5260 13.7340 302.13
7 2.09 2.32 0.3655 3.2895 20.88
8 13.04  1L.49 1.1611 10.4499 130.41
9 21.41  23.79 1.376L 12.3876 214.11
10 18.36  20.40 1.3069 11.786L 183.60
11 17.60 19.56 1.291 11.6226 176.04
12 6.21 6.90 0.8388 7.54h92 62.10
13 18.76  20.84 1.3189 11.8701 187.56
1l 9.16 10.18 1.0078 9.0702 91.62
15 7.61 8.6 0.927l 8.3466 76.1L
16 29.64  32.93 1.5176 13.658) 296.37
17 26.419  29.43 1.4687 13.2183 26l.87
18 13.09 4.5 1.1626 10.4634L 130.86
238.5,50-90 2250.72
Zn, = 17(9) = 153 = n g = 17
M = 2.3026 [n Log (2 nisi2/n) - 2 n; Log SiZ]
= 2.3026 [153 Log (2250.72/153) - (238.5450 ~ 90)] = 69.30
- 1 R 117 . 1.
C 1+ m—_—-l—y [ ni n] 1+ m [—(-9— -1?3] = 1.039
|2
M/C = 69.30/1.039 = 66.70 Ho oéz = 052 = ... 0

2

X, 05 (n' = 17-1 = 16)

26.30

52

Reject Ho since M/C > X?OS




TABLE 13

M/C VALUES FOR THE BARTLETT'S TESTS
OF HOMOGENEITY OF VARIANCES RUN ON
THE FREQUENCY STANDARD AND SUBCARRIER OSCILLATOR A

2

2

(Critical Values are XTOS,lé = 26.30, X.Ol,lé = 32.00)
Level
Code

Tdentification 0% 25% 50% 75% 100%
FR1IWCP 72.19 92.00 | 126.53 79.13 | 375.11
FR1WOCP 66.70 100.95 67.72 9l.52 5l.52
FR2WCP 158.32 | 212.68 |270.39 196.03 197.52
FR2WOCP 36.23 54.78 67.06 L2.75 55.41
SARIWCP 5lp.65 62.34 f101.48 80.12 99.43
SAR1IWOCP 8.0 70.77 76.50 62.4l 77.22
SAR2WCP 139.68 | 135.09 {108.39 92.67 130.64L
SAR2WOCP 61.68 L).96 | 58.55 33.06 62.94
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b. MCDEL II. The second mathematical model considered

was,
Xijk T t. + 93 + IlJ + eijk
where,
Xijk = the response in digitized units
@ = an overall mean
ti = a recorder (row) effect, (i=1,2,...,r)
83 = a compensation (column) effect, (j=1,2,...,c)
Iij = a recorder-compensation interaction effect
eijk = a random experimental error assumed ~ NID(o,c'

In this model it is not necessary that the error
variances be homogeneous across channels because each
channel is considered separately. However, when Bartlett'
tests were performed on the data in the classification of
Model II these tests indicated non-homogeneity of var-
iances for most cases, but the departure from homogeneity
was not as extreme as in Model I. Most statisticians
agree that the requirement of homogeneous variances is not
too restrictive for an analysis of variance. This means
that if this assumption is#not met the consequences are
not serious in most cases.b If this assumption is not met
the risk of the first type (a ) is altered. It will be
seen later that even large deviations in a will not affect

the conclusions of the significance tests for most of the

5

For a discussion of this point, see reference
(Scheffe, pp. 351-359).

5k
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analyses of variance arrayed in Model II. For this reason,
it was decided that Model II was the best model to test

the assumption of equal means for the experimental data.

An example set of data for Model II is given in
Table 1l and the analysis of variance calculations are
summarized, complete with variance estimates, for the ex-
ample data in Table 15. It can be seen that'the critical
F value for the main effects is F.OS = 161.00. The
computed F ratio was normally very much smaller than this.
For the interaction term the critical F value is
F.OS = }.1ly. The computed F ratio sometimes exceeded this
figure but, in general, it was less. Thus, a moderate
change in the critical F value would not greatly affect

the results of the analyses of variance.

The analysis of variance of the data was perform-
ed in the manner described and illustrated in Technical
Report No. 2. The only difference 1in the computations was
that the number of rows and columns and the group size
were different. Also, the data of Technical Report No. 2
were summarized as means and standard deviations (o)

whereas the data of this experiment were summarized as

. 2
means and variances (o7).

A summary of the results of the tests of signifi-
cance using the analysis of variance and Model II is
presented in Table A-1 of Appendix A for the frequency
standard and Table A-2 of the same appendix for SCO set A.
All significance tests for these analyses of variance
were performed at the a = 0.05 level of significance. A
composite summary of the results of the significance tests
of Tables A-1 and A-2 is given in Table 16 . A summary
of the estimates of the components of variance is pre-
sented in Table A-3 of Appendix A for the frequency
standard and Table A-l} of the same appendix for SCO
set A.
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TABLE 1l

AN EXAMPLE SET OF DATA
FOR ANALYSIS OF VARIANCE USING MODEL II
Data Was Generated by
The Frequency Standard, Channel 2, at 0.00 Volt Input

COMPENSATION
WITH WITHOUT
Recorder 1 X 28.20 28.30
o2 0.56 1.61
Recorder 2 X 27.00 29.90
o2 0.00 36.29
TABLE 15

THE ANALYSIS OF VARIANCE FOR THE DATA OF TABLE 1L

Source of Sum of Mean Variance P
Variation Squares |d.f.] Square Ratio 0.05
Recorder- 2 2,42
Compensation- 2 2 /a8
Main Effect 20.50 | 1 |85 22.50s5/s3 1.151161.00
Recorder-Comp 2 2,42
Interaction 19.60 1 S3 19.60 S3/Se 1.8l b 1h
Expsrimental 2
Error 38,60 |36 |Se 10-68
TOTAL 427.10 |39
5° =10.68 62 =0.00 62 = 0.1k 52 = 0.89
t 6 I
A2
= 11.71 RANGE = 971.7

9(Response)

A

%(Response) (100) /RANGE = 0735%
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TABLE 16

COMPOSITE SUMMARY
OF THE SIGNIFICANCE TESTS FOR MODEL II
All Tests Performed at ¢ = 0.05

Number of Number of Total
Source of Non-Significant Significant Number of
Variation Ratios Ratios Ratios
Recorder 16l 6 170
Compensation 16l 6 170
Interaction 135 35 170

In general, the analyses of variance summarized in

Table 16 indicate that the two main effects and the inter-
action effect are non-significant. The average or main
effect of the two recorders is not generally significant.
The average or main effects of recording with compensation
is not generally significantly different from the main
effects of recording without compensation. The recorder-

compensation interaction effect is not generally signifi-
cant.

2. Tests of Variance. The analysis of variance

is a method of testing for significant difference of means.
It is desirable that telemetry equipment yield the same

mean response for a given input. However, it is more im-

portant to determine some measure of the noise, i.e., varia-

bility, associated with the mean value of the response.

Thus, the question becomes, "Does tape speed compensation

significantly affect the variance of data in the data reduc-

tion stage of a telemetry system?"
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The question posed above was investigated by com-
puting a series of individual variance ratios. Each vari-
ande ratio, oﬁoc/oic, is a ratio of the variance computed

2 .
owoG’ to the varlance
computed for the data with compensation,

for the data without compesnation,
owe* The results
of the variance ratios which were performed are presented
in Tables A-5 through A-8 of Appendix A. A summary of the
tests of significance is presented in Table 17. For the
indication of significant ratios the symbol () denotes

that the variance ratio was significantly large ( >

2
1 SwocC
O%C) and the symbol (+) denotes that the variance ratio was
%C)' If neither of these

symbols appears after a variance ratio then the two vari-

significantly small (o‘froC <0

ances in that particular ratio are not significantly dif-
ferent. All tests were performed at the a = 0.05 level of

significance.

It can be seen from Table 17 that only seven times
in a total of 340 tests the data reproduced with compensa-
tion was more variable than the data reproduced without com-
pensation. Conversely, in 182 of the 3110 tests the data
reproduced without compensation was more variable than the
data reproduced with compensation. In 151 cases tested
there was no significant difference in the two variances.
Thus, it is logical to conclude that tape speed compensation
often helps to reduce variability in the recording process.
Even in those cases where varigbility is not reduced neither
i1s it usually increased. Therefore, it appears advantageous
to always employ compensation when reproducing data from

tape recorders of this type.

It is also of interest to determine if one recorder
introduces more noise than the other recorder. As in the
previous analysis this question was approached by a series
of individual variance ratios. Each variance ratio, Og/Oi,
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TABLE 17

SUMMARY OF SIGNIFICANCE
OF VARIANCE RATIOS COMPILED IN TABLES A-5 THROUGH A-8
(The Connotation of the Symbols of Significance
Are as Defined in Text, p. 58 )

Significance
+ None
Frequency Recorder 1 29 2 L
Standard Recorder 2 59 2 2l
Subcarrier Recorder 1 39 3 L3
Oscillator A | Recorder 2 55 0 30
TOTAL 182 7 151 340

is a ratio of the variance for the data from Recorder 2,
og, to the variance for the data from Recorder 1. Gi. The
results of these variance ratio tests are presented in
Tables A-9 through A-12 of Appendix A. For the indication
of significant ratios the symbol (3) denotes that the vari-
ance ratio was significantly large (og > oi) and the symbol
(+) denotes that the variance ratio was significantly small
(og < oi). If neither of these symbols appears after a
variance ratio then the two variances in that particular
ratio are not significantly different. All tests were per-
formed at the o = 0.05 level of significance. A summary of

the tests of significance is presented in Table 18.

From Table 18 it can be seen that Recorder 1 rarely

had a significantly larger variance than Recorder 2 (only
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5 of 340 tests). However, in 140 of 340 tests Recorder 2
had a significantly larger variance than Recorder 1. In
195 tests the two variances were not significantly differ-
ent. Thus, there is statistical evidencethat Recorder 2
introduces more variability into the data reduction system

than does Recorder 1.

TABLE 18

SUMMARY OF SIGNIFICANCE
OF VARIANCE RATIOS COMPILED IN TABLES A-9 THROUGH A-12
(The Connotation of the Symbols of Significance
Are as Defined in Text, p. 59 )

Significance
Compensation s + None
Frequency With 22 3 60
Standard Without o 0 31
Subcarrier With 22 2 61
Oscillator A | Without y2 0 13
TOTAL 140 5 195 | 340

In the analyses of the two tape recorders it should
be pointed out that the effect of any differences in magnetic
tapes were confounded within the effect of the tape recorders.
The variability in question is the effect, then, of not only
the tape recorder, but also of the particular tape used on
the recorder. It was assumed that there were no significant
differences between various magnetic tapes. It is recommended

that this assumption be statistically tested in some future
experiment(s).
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SECTION IV

ISOLATION OF SYSTEM ERRORS

A. TINTRODUCTION

- A 22 L. A
1. HReproducibility. When repeated measurements

exhibit erratic patterns of variation, the method of
measurement used is not reproducible. It has already been
shown that the residual errors across all channels and

input levels indicated a non-homogeneity of variances, there-
fore, any pooling of variance estimates across channels is
not strictly valid since these measurements were not repro-
ducible in that classification. In order to make a system

of measurement reproducible, efforts should be made to find
and eliminate assignable causes for data which are not in
statistical control. Statistical control is best examined

by means of Shewart control charts.

2. Theory of Control Charts. One of the primary

uses of control charts is to determine whether statistical
control has been maintained within a system. Statistical
control is determined by the nature of the many effects which
cause variation in the result on an experimental investigation.

Knowledge of the behavior of chance variations is
the foundation on which control charts analysis rests. These
chance variations are the sum of many complex, probabilis-
tic causes. The effect of each of these causes is usually
slight and no major part of the total variation can be
traced to a single cause. Conversely, assignable causes may
be thought of as deterministic in nature. These are normally
relatively large variations that are attributable to
special causes. An assignable cause might be a significant

difference in instruments, in workers, or in their



relationships to one another.

If a group of data is studied and it is found
that their varlation conforms to a statistical pattern
that might reasonably be produced by chance causes, then
it is assumed that no special assignable causes are
present. The conditions which produced this variation are

LRI S 4 1" ~ PR P B I
within control”. On the other hand if the

said te be
variations in the data do not conform to a pattern that
might reasonably be produced by chance causes, then 1t 1is
concluded that one or more assignable causes are at work.
In this case the conditions producing the variation are

said to be "out of control'.

In control chart theory it is assumed that the
chance variations, being ordered in time or in some other
manner, will behave 1n a random manner and will form a
normal distribution. The control limits are usually
determined so that if chance causes alone are at work the
probability that a point will fgall above the upper limit
is 0.001, and the probability that a point will fall below
the lower 1limit iIs 0.001. If the system of chance causes
produces a variation that follows the normal curve, the
0.001 probability limits are practically equivalent to 30
limits. For a normal distribution the probability that a
deviation from the mean will exceed 30 is 0.0027 consider-
ing both positive and negative deviations. For normal
variation, therefore, 30 limits are the practical equiva-
lent of 0.001 probability limits since these yield a
probability of 0.002 that a deviation will be "detected".

3. Control Charts For VARIANCES. In order to
construct a control chart we must compute a center line,
an upper control 1limit (UCL) and a lower control limit

(LCL). The center line for a control chart is the expect-
ed value of the statistic being plotted. For a 02 control

chart the center line is given by,
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E = the expected value operator
o = the average sample variance
'™ = the universe variance.
In order to determine the control limits we must
know the standard deviation of the distribution of sample
variances. When the distribution of individual values is

normally distributed the standard deviation of the distri-

bution of sample variances, 002, is approximately

002 = 0'2 Vv 2(n-1) /n.
The control limits for a 02 control chart are then geven by

o'z(n—l)/n + 30'2 Vv 2(n-1) /n

E(oz) + 20 5
o

0'%(n-1)/n [1 + V 18/(n-1) ]

E(o°) [1 +V 18/(n-1) .

The expected value of the sample variance is equal to the

. . 2 =2
average sample variance, i. e., E(c“) = 0 . For a

sample size of n = 10, the limits then become,

E(o®) (1 +V18/9 1 = 3© (1 +V2 )

UCL = 2.41k 5° LCL = 0
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4. Method of Analysis. The following section

of this report will be concerned with the isolation of the
error of some of the component subsystems of the FM/FM
telemetry system. The methodology for the isolation of

these errors can best be explained by means of an example.

As an illustration, let us consider how one

ity

-
=

might isolate the reduction in total system variabi
which is accomplished when tape speed compensation is

used. The path followed by the electrical signal when the
magnetic tape of the frequency standard data is reproduced
on Recorder 1 without compensation (FR1WOCP) is represent-

ed by the block diagram of Figure !

Frequency

I——— Standard

Recorder 1

Compensation)

(No ﬂDiscriminators Digitizer Printen

FIGURE 7 - BLOCK DIAGRAM OF THE SYSTEM WHEN DATA OF THE
FREQUENCY STANDARD IS REPRODUCED ON RECORDER
1 WITHOUT COMPENSATION.

The system of Figure 7 will produce data
which has a variance caused by several system components.
Let us denote the total variance of the data from this

system as 02 . One way of stating the components
FR1WOCP
of 02
FR1WOCP
ol




52 - 2 2 2
FRIWOCP R1 WOoC d e

where,
2 . .
o = the variance introduced by Recorder 1,
R1 the magnetic tape and associated recording
circultry
0@ = the variance which would be reduced by the
0C .
introduction of the compensation network
02 = the variance introduced by the discriminators,
d the digitizer, the printer, and associated
circultry
o] = an experimental error.
e

It can be seen that ogl and G§ can, in turn, be

considered as containing more than one component. However,
in this experiment these variances cannot be further
separated. It has been assumed throughout the report that
the frequency generator is a "precise" simulator of the
voltage inputs and thus no component of variance is intro-
duced by this pilece of equipment. The term 02 consists

of many components - operator differences, "dgift" in the

electrical hardware, random errors, etc.

Next, consider the path followed by the
electrical signal when the magnetic tape of the frequency
standard data is reproduced on Recorder 1 with compensation

(FR1IWCP). This may be visualized by the block diagram of
Figure 8 .
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Frequency Recorder 1

Standard [ (Compensation )——h Discriminatorsp-—pDigitizer

Printer |ge— 0 |

FIGURE 8. BLOCK DIAGRAM OF THE SYSTEM WHEN DATA OF THE
FREQUENCY STANDARD IS REPRODUCED ON RECORDER
1 WITH COMPENSATION.

Let us denote the variance of the data from the

system presented in Figure 8 as 02 . One way of
FR1IWCP
stating the components of this variance is
02 = 02 + 02 + 02 + 02
FRIWCP R1 WC d e
where,
2 2 2 . .
o] , 0., and © are as previously defined, and
Rl d €
2 . . N
OWC = +the variance introduced by the compensation

network.

In order to determine the improvement in
variablility which is accomplished by tape speed compensa-

tion we may proceed as follows:

2 2 - 2 2 2
9Fr1WoCP ~ °FRIWCP = (PRl T %woc * Cq * To) -
2 2 2 2. 2 2
(0g1 * %¢ * 9 * 9) = oc - e

2 .
The term Owoc = %wc Tebresents an increase in system error

which is caused by not using tape speed compensation in
the reproduction of magnetic recording tape.
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. 2 2 _ 2
We will let OWOC - OWC = OC.

In order that the subtraction of the two
. . 2 2 . .
variances, 1.€. OppiwocP ~ SFR1WCP’ be strictly valid
each variance must be in statistical control. To deter-
mine statistical control we will use the 02 control chart
which was discussed in Section IV - A-3. To illustrate

the process we will use the actual experimental data to
2
oc ~ e

The variances of the FR1WOCP data are presented

determine a reproducible measure of o%

in Table 19 . The control chart computations for this
data are presented in Table 20 . The average of the 85
variances of Table 19 is 52 = 12.10 giving control limits
of UCL = 29.21 and LCL = 0.00. PFive variances are out-
side of these limits and were removed as being out of
control. A revised average for the 80 remaining variances
is 5° = 10.08 and the revised control limits are UCL = 2l 34
and LCL = 0.00. The data are then examined and three
variances are seen to be out of control, i.e. greater than
the UCL. The removal of out of control variances is con-
tinued until only 75 of the original 85 variances were
retained. These variances are now in statistical control.

. . . L =2 —
The final revised average variance is SBRIWOCP - 9.02.

The control chart analysis is also performed
upon the variances of the FRIWCP data. The data are pre-
sented in Table 21 and the control chart computations
are summarized in Table 22 . It can be seen from
Table 22 that U6 of the original 85 variances are not
in statistical control and are subsequently discarded.
This indicates that the telemetry system for this experi-
mental condition was considerably beyond the limits of
reproducibility. The final revised average sample var-
iance is SgRIWCP = 0.82. This indicates that if the
system could be made reproducible the sample variance would

be reduced from 10.1l4 to 0.82 for the particular
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TABLE 19
THE VARIANCES OF THE FR1IWOCP DATA

INPUT LEVEL (VOLTS)

Channel 0.00 1.25 2.50 3.75
2 1,61 0.61 0.41 0.4l
3 1.29 0.41 1.29 0.0l
Ly 7.81 1.00 3.60 106.09
5 0.49 1.40 6.1 5.20
6 30021 33.89 12.36 22.15
7 2.09 1.81 1.85 3.20
8 13.04 6.1y 25.29 11.56
9 21.41 13.36 5.0l 17.20

10 18.36 2.45 5.24 7.
11 17.60 8.24 1.69 14.8L
12 6.21 6.6l .89 7.41
13 18.76 11.69 4.8L 14.76
1L 9.16 30.16 8.4 23.84
15 7.61 16.61 10.81 16.41
16 29.6l 19.80 18.85 12.41
17 26.49 18.76 21.60 16.45
18 13.09 2 .45 17.84 12.76

TABLE 20

o2k

N
FOOFODWmOOo

o
O

) O£
o~

CONTROL CHART COMPUTATIONS FOR THE DATA OF TABLE 19

N 5° UCL = 2.41L 5°
85 12.10 29.21
80 10.08 2l .30
77 9.38 22.65
76 9.19 22.19
75 9.02 21.77
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TABLE 21
THE VARIANCES OF THE FR1WCP DATA

INPUT LEVEL (VOLTS)

Channel 0.00 1.25 2.50 3.75 5.00
2 0.56 0.25 0.2 0.2} 0.16
3 0.69 0.09 0.2 0.16 0.25
M 0.36 0.09 0.21 1.2 0.09
5 3.6l 1.76 1.09 2.36 1.04
3 19.45 16.80 16.41 8.96  22.21
7 1.56 1.%5 1.0k 1.80 1.09
8 10.2 7.81 22.0 11.65 18.01
9 0.9 1.2 0.7 0.69 0.69

10 2.29 1.01 0.41 0.49 1.36
11 5.76 L.89 2.61 2.% L88.16
12 1.60 0.80 0.81 2.9 0.8l
13 L. Ol 1.20 3.49 7.21 L.25
1L 5.36 L.65 .96 6.4l 6.25
15 I,.8l 15.49 L.36 5.16 1.8L
16 9.0l 5.2l 5.20 6.49 L.2l
17 6.96 1}.65 L.20 5.65 L.0L
18 k.89 L. 10 541 L.L1 1.6l
TABLE 22

CONTROL CHART COMPUTATIONS FOR THE DATA OF TABLE 21

N 5° UCL = 2.l1l 3° LCL = 0.00 3°
85 10.14 2l 148 0.00
8, .45 10.7L 0.00
75 2.90 7.00 0.00
70 2.149 6.01 0.00
66 2.2l 5.1 0.00
6l 2.13 5.1 0.00
59 1.85 L.L9 0.00
5 1.59 3.84 0.00
L 1.13 2.73 0.00
I3 0.97 2.3L 0.00
10 0.86 2.08 0.00
39 0.82 1.98 0.00
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experimental conditions (FRLWCP) using a sample size of 10

and an average range of 971.l.

The net improvement resulting from using tape
speed compensation is determined as the difference between
the two variances (which are now within statistical control):
52 = =2
¢ = 9rriwocP ~ PFR1WCP

. . . . 2
To obtain an unbilased variance estimate, SC’ we correct for

= 9.02 - 0.82 = 8.20.

the sample sizel.

52 = (10/9)\35) = (10/9)(8.20) = 9.11
SC =V 9.11 = 3.02

The error expressed as a percent of the average range is:

100(3.02)/971.4 = 0.311%

1

100 SC/R

where,

=
il

the average range of all the experimental
data from the freguency standard and SCO
set A.

1 .
In this and subsequent calculations the symbol S

will be used to denote an unbiased estimate of o. Two use-
ful formulas are Z(X.-)—()2
s° = ———it——— and S2 = 02[n/(n-1)]
— .
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B. ERRORS OF SYSTEM COMPONENTS

1. Errors of the Discriminators, Digitizer,

Printer, and Associated Circuitry. The real time data for

the frequency standard (FP) may be used to estimate the
precision of that part of the telemetry system which in-
cludes the discriminators, the digitizer, the printer, and
the associated circuitry between the frequency standard
and the printer. This can be visualized by considering

the block diagram of Figure 9 .

Frequency,
Standard

iscriminators igitizer rinter

FIGURE 9. BLOCK DIAGRAM OF SYSTEM COMPONENTS FOR THE
REAL TIME DATA OF THE FREQUENCY STANDARD

The frequency standard was used to simulate the
output of a package and a set of SCO's. The frequencies
were varied in percent of full scale as follows: 0%,
25%, 50%, 75%, and 100%. These frequency levels simulated
DC voltage inputs to the package of 0.00, 1.25, 2.50, 3.75,
and 5.00 volts, respectively. Thus, circumventing the
package and SCO's and associated circuitry, we can directly
analyze the noise contributed by that part of the system
beyond the package. This consists of the discriminators,
the digitizer, the printer, and associated circuitry. This
analysis is valid, of course, only if the frequency standard
is assumed to be errorless. This assumption was made based
upon the hypothesis that it was a "good" standard.

In order to obtain a measure of the error of that
part of the system described above an average variance was

taken over all input levels and all channels.
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This resulted in averaging 85 sample variances to obtain:

=2 18 5 2
o, = 2 % o5 1j/85 = 0.212
d . . d
i=2 j=1
where,
Eg = the variance of the FP data averaged over all

input levels and all channels.
An unbiased sample standard deviation, Sd’ is obtained by
. .2
correcting for the sample size

s2 = % (0.212) = 0.236

1]

S3 VvV 0.236 = 0.486
Expressed as a percent of full scale the error contributed
by this portion of the system (assuming reproducibility)

may be expressed as:

100 Ed/ R = 100(0.486)/971.4 = 0.050%.

As was previously explained the foregoing calcu-
lations were made based upon the assumption that the system
is reproducible. The variance estimate, Es, was sub-
sequently checked to test the hypothesis of reproducibility.
This variance was not in statistical control and a control
chart analysis of the type illustrated in Section IV-A-L
was performed. The 85 variances are listed in Table A-13of
the Appendix and the control chart analysis is summarized
in Table A-l1yof the Appendix. As a result of the control
chart analysis, 13 of the original 85 variances were discard-

ed as non-homogeneous.

°Tbid. pg. 70
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The final estimate of the system error which would

be obtained as a result of a reproducible system is computed
as follows:

55 =10.09/72 = 0.140
S5 = 0.140(10/9) = 0.156

ll

§d v 0.156 = 0.395

100 S,/R = 100(0.395)/971.4 = 0.0L1%.

It can be seen that a net reduction of error of 0.050% -
0.041% = 0.009% may be obtained by stabilizing the system

so that it is within statistical control. This is done by
finding assignable causes for data which are out of control
and ad justing the system accordingly.

It should be pointed out that the error computed
in this section is not a pure error. It contains not only
errors produced by the system components but also errors
introduced by the operators and other small errors which
combine to form an experimental error. These experimental
errors are confounded in a complex and inextricable manner;
therefore, no attempt will be made to isolate them. Great
care was taken to attempt to minimize the experimental
error of this experiment and it is felt that the errors
incurred in the data are primarily system component errors.
In the following sections the experimental error is not in-
cluded in any estimates of error since it is subtracted in
the manner illustrated by the example of Section IV-A-L.
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2. Error Associated with the Package, SCO's, and

Associated Circuitry. The real time data for SCO set A

(SAP) yields a variance which contains an error contributed
by the package and SCO's plus the error which was isolated
in the previous section. This is i1llustrated by the block

diagram of Figure 10

DC Package
Voltage and Discriminators| Digitizer] Printer
Standard SCO's
FIGURE 10. BLOCK DIAGRAM OF THE SYSTEM COMPONENTS

FOR THE SAP DATA

If we subtract the variance obtained from the
previous section, Sg, from the variance obtalned from the

system above, S we may compute an estimate of the error

SAP’
contributed by the package-SCO unit. 1In the process, the
experimental error will be eliminated since it is common to

both variances.

The average variance for the SAP data is computed
by averaging the real time data for SCO set A over the 17
channels and the five input levels:
—=2 18 5 2
Ogap = iiz jil Ogap ij/85 = ©56.50/85 = 0.665.

In order to obtain an unbiased estimate we correct for the

sample size:

2 _
SSAP = 10/9(0.665) = 0.739.

To estimate the desired variance, the appropriate sub-

traction is performed:
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Sp SSAP Sd = 0.739 - 0.236 = 0.503
where,
§§ = an unbiased estimate of the variance contributed

by the package, the SCO's and associated circuitry.

Therefore, SD =V 0.503 = 0.709 and the measure of error
(assuming reproducibility) is:

100 sp/ﬁ = 100(0.709)/971.4 = 0.073%.

Again, we use the control chart approach for
establishing statistical control. The control chart compu-
tations are given in Table A-16 of Appendix A. After control
has been reached 25 of the original 85 variances have been

discarded and the results are:

EgAP = 18.85/65 = 0.290

§5,p = 0-290(10/9) = 0.322

sg = §2,p - S3 = 0.322 - 0.156 = 0.166
s, = vV 0.166 = 0.407.

The amcunt of error which could be expected of a reproducible
system is then:

100 sp/ﬁ = 100(0.407)/971.4 = 0.0,42%.

The net improvement in the error which would result
in placing the system within statistical control is then:

0.073% - 0.042% = 0.031 %
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3. Error of the Recorder and Magnetic'Tape. In

order to determine the contribution of error due to the re-
corder and magnetic tape we may use the data which was
reproduced from the recorders without tape speed compensa-
tion. The variance of this data may be subtracted from

the variance of the real time data to obtain the con-
tribution of total error due to the recorders and magnetic

tape. This can be seen if we inspect Figure 11 below.

Recorder
(No Comp.) Discriminators igitizer Printer
FIGURE 11. BLOCK DIAGRAM OF THE SYSTEM WHEN DATA IS

REPRODUCED WITHOUT TAPE SPEED COMPENSATION

We will define the following variances:

o§ = variance obtained from the system of Figure 11 .
S2 = an unbiased estimate of the universe variance
J obtained from the system of Figure 11.
Sg = an unbiased estimate of the universe variance
attributed to the recorder and magnetic tape
There are four reels of tapes which supplied data
for the particular system of Figure 11 . The tapes were

produced by the two tape recorders and by the frequency
standard and SCO set A. To obtain an average variance we will
pool the variances of all four tapes. The computations

are (assuming statistical control):
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18 5 2 2 s

2= 3 3% 3 3 o°ijkm/340 = 12,4463.37/340
Y i=2 3=1 k=1 m=1 Y
= 36.657

s° -2

y = (10/9) oy = (10/9)36.657 = L40.730

2 _ 2 2 _ _

Sg = Sy, - 83 = 40.730 - 0.236 = LO.49)L

8; = vV 10.49L = 6.363

100 sg = 100(6.363) / 971.4 = 0.655%.

To obtain a measure of the noise which is re-
producible we employ the 02 control chart technique. The
data and the control chart computations for 52 are pre-
sented in Tables A-17 through A-2li of Appendix A. The four
variances are based upon different degrees of freedom, thus
to pool these variances we do not take a simple average.
The computations are (for a system in statistical control):

-2 -2 -2 =2 -2
cy = (nlcsyl + n2oy2 + n3c5y3 + nhGYM) /(n1 +on, + Ny + nu)

32 -2 32 -2

s T_ s sy O = the average varlances of the
yl y2 y3 yh four tapes pooled over all
channels and all input levels.
Ny n2, n3, nu = the sample size associated with
02 02 02 and 02 respectivel
y1* “y2’ %y3° yh A



oy = [75(9.02) + 66(12.60) + 76(11.17) + 68(34.19)]
/{75 + 66 + 76 + 68) = 6627.75/285 = 23.255

s§ = (10/9) 6§ = (10/9) 23.255 = 25.839

52 = 52 - 52 = 25.839 - 0.156 = 25.683

R y d

S =

R VvV 25.683 = 5.068

100 S, / R = 100(5.068)/971.4 = 0.522%.

The improvement in recorder error which could

be gained by making the system reproducible is:

0.655% - 0.522% = 0.133%,

i, Reduction of Error Assignable to Compensation.

As 1n the previous sections we can employ a subtractive pro-
cess to obtain a variance which indicates the reduction of
error which may be accomplished by using tape speed compen-
sation. To obtain this variance we simply subtract the
variance which is obtained from the data when tape speed
compensation is used from the variance obtained when no
compensation is used. The former variance is obtained from
the data which follow the path indicated by the block
diagram of Figure 12.
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Recorder

sDiscriminators| g Digitizerl __yJlPrinter
(Compensation)

FIGURE 1Z2. BLOCK DIAGRAM OF THE SYSTEM
WHEN DATA ARE REPRODUCED

WITH TAPE SPEED COMPENSATION

We will define the followlng variances:

oi = variance obtained from the system of Figure 1Z2.
82 = an unbiased estimate of the universe variance

2 obtained from the system of Figure 12.
Si = improvement in the system variance when tape

speed compensation is employed.

To get an average variance, Ei, we Will pool the variances
obtained from the two recorders and from the frequency
standard and SCO set A. The computations are (assuming
statistical control):

L, 18 5 2 2 5
52 = 3 3 5 3 0% 1jkm/340 = 3918.56/340
2 i=2 j=1 k=1 m=1
= 11.525
sf = (10/9) 11.525 = 12.806 |
> 2 2 s
s5 =2 - 85 = 40.730 - 12.806 = 27.92k
s, =V27.92L = 5.28)

100 sc/ﬁ = 100(5.28)4)/971.4 = 0.54L%.
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Again, we employ the 02 control chart technique
to obtain a measure of noise which is reproducible. The
data and the control chart computations for Ei are pre-
sented in Tables A-25 through A-32 of Appendix A. The com-

putations are (for a system in statistical control):

-2 =2 -2 - =2
= +
c, (nloZl * N0, a0, + n“_ozh)/(nl *+n, +ny +o),
where,
=2 =2 =2 -2 _ .
0,172 9,00 023, OZM = the average variances of the

four tapes pooled over all
channels and all input levels.

nl, n2, n3, nu = the sample size associated with

2 2 2
o

0,1° 9,00 0Z3, and Oih respectively.
52 = (39(0.82) + 33(1.08) + 84(1.83) + 46(2.18)]
/(39 + 33 + 84 + L6) = 321.62/202 = 1.592
s = (10/9) 32 = (10/9) 1.592 = 1.769
- 2 _ _
S, = sy - 8, = 25.839 - 1.769 = 24.070
S, = VvV 24.070 = }.906
100 sc/ﬁ = 100(4.906)/971.4, = 0.505%.

The improvement in the reduction of error by the
use of compensation which could be gained by making the
system reproducible is:

0.5u4% - 0.505%4 = 0.039%.
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SECTION V

CONCLUSIONS AND RECOMMENDATIONS

A. SUMMARY AND CONCLUSIONS: LINEARITY EXPERIMENT .

Results of the linearity experiment have revealed
that the FM/FM (X0-l;) telemetry system is non-linear. The
tests indicated that the appropriate model for the relation
between input and output was a quadratic curve. To aid
telemetry engineers in the redesign of the system, analyses
of subsystem components were performed. From the subsequent
analyses 1t was determined that the non-linear effect existed
in the XO-l package. If the redesign or replacement of the
X0-l; package is sufficient to eliminate its non-linear effect
then the system will become linear. An estimate of the resi-
dual variation about the quadratic curve in percent of range
is:

D -
100 Sy y(2)/R = 0.053%

B. SUMMARY AND CONCLUSIONS: TAPE RECORDER AND COMPENSATION
EXPERIMENT.

1. Effect of Analog Tape Recorders. It should be

recalled that this experiment did not isolate the effect

which different analog tapes might have on a specific re-
corder. Thus, any conclusions to be drawn concerning tape
recorders will necessarily be based upon the assumption that
the difference in various magnetic analog recording tapes
(of the same specifications) i1s not significant. Making this
assumption, the conclusions concerning different analog tape

recorders for this experiment may be summarized as follows:

(a) Analog tape recorders of the type used in this
experiment do not differ significantly in their

mean response.



(b) The BETWEEN recorder variation may be estimated as:

=3 3 oS 1ijk/170 = 10.10

o 18 5 2
o 2 t
i=2 j=1 k=1

St = v 10.10 = 3.178

100 0,/R = 100(3.178)/971.L = 0.327%

-

Since the difference between recorders was not significant,

A
]

; may also be assumed to be zero.

(c) Analog tape recorders of the type used in this
experiment do tend to differ significantly in the
variance of their response. With a sample size of
10 and a mean range of 971.L the ratio of two re-

corder variances may be as much as 100 iIn some cases.

The first conclusion indicates that the linearity
characteristics for the type of recorders used are the same.
Thus, a mean digitized output of, say 999, from one recorder
represents the same voltage input as a digitized output of
999 from the other recorders. This could be important in
making calibrations or linearity checks since these are deter-
mined on a basgis of mean values. If one recorder affects
the linearity of the data in a certain manner, e.g., if it
has a cubic response, then the other recorders will add the
same bias. This could also be important in redesign of
recorders for one must simply select a random sample of this
type of recorder in order to determine where non-linearity

is being introduced.

The second conclusion indicates how much variance
may be expected between the mean response of the recorders.
Since it was determined previously that the recorders were

not significantly different one valid estimate of the
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variance of the mean response would be zero. However, the
analysis of variance is based upon two risks: a, the risk

of rejecting a true hypothesis, and 3, the risk of accepting
a false hypothesis. The first risk, a, is set at 0.05 for
this experiment, but f is an unknown subject to the actual
conditions under which the experiment was run. Consequently,
statements with uncertainty cannot be made but we can make
"best estimates! of certain parameters. The best estimate of
the variance between recorder means 1s 0.327 percent of full
scale. This means that if the recorders are used over a long
period of time, each time randomly selecting a recorder, the
variance of the mean response of the recorders is 0.327
percent of full scale.

The third conclusion simply states that the two
recorders differ significantly in the noise of their responses.
Although the mean value of the responses of the recorders is

essentially the same, the variability centered around this

mean response is different.

2. Effect of Tape Speed Compensation. Tape speed

compensation is used in the recording process in an attempt
to control speed errors (e.g., wow and flutter) on a tape
recorder. This is accomplished by recording a 100 KC refer-
ence sine wave on one track of the magnetic tape simul-
taneously with the recording of data. When the tape 1s re-
produced the recorder "follows" the sine wave as a reference.
An improvement in reproduction will result only if the refer-
ence sine wave is a "good" sine wave, i.e., high precision,
and if the addition of the extra components needed for
compensation (a 100 KC discriminator, extra circuitry, etc.)
does not add more error to the system than it compensates.
There may be additional errors in the recorder other than
those attributable to tape speed and these errors are not theo-

retically affected by tape speed compensation. Thus, it is

83



impossible to isolate a pure compensation effect but we can

isolate a differential effect between results when compensa-

tion is used and when it is not used. Keeping this point in

mind, the conclusions concerning tape speed compensation for

this experiment may be summarized as follows:

(a)

The mean response obtained from an analog signal
for a given input igs essentially the same whether

or not tape speed compensation is used.

The variation BETWEEN the effects of using compen-

sation and not using compensation may be estimated

as.

o 18 5 2

6t = 3 2 3 of 1jk/170 = 5.09
i=2  j=1 k=1

0g = V5.09 = 2.256

100 Se/ﬁ = 100(2.256)/971.4 = 0.232%.

Since the difference between compensation and no compensation

A
was not significant, Oy may also be assumed to be zero.

(c)

The use of tape speed compensation eliminates more

error than it introduces in the analog reproduction
process. For a sample size of 10 and a mean range

of 971.4 the variance obtained by not using compen-
sation may be as much as several hundred times as

large as the variance obtained by using compensation.

C. SUMMARY AND CONCLUSIONS: ISOLATION OF SYSTEM ERRORS.

One of the primary objectives of this experiment was

to isolate some of the component subsystems of the FM/FM
telemetry system and determine their individual contributions

to the overall error of the system. It is believed that some

S




of these errors may have contributed to the high package -

SCO interaction effect in Technical Report No. 2.

The isolation of the error of several component
subsystems was illustrated in Section IV-B. The component
errors which were isolated may be summarized in two cate-
gories. The first category is the errors which were actually
computed from the experimental data. The second category is
the estimated errors which would result if the system were in

statistical control. The summary of errors follows.

Estimates of Errors Computed from the Experimental Data

(a) Error associated with the discriminator bank, the

digitizer, and associated circultry:
100 s4/R = 0.050%

(b) Error associated with the package, the SCO's, and

associated circuitry:
100 s /R = 0.073%

(¢) Error associated with the analog recorders and

analog magnetic tapes:
100 Sr/ﬁ = 0.655%

(d) Net reduction of error which is accomplished when
compensation is used versus when compensation 1s

not used:

100 s /R = 0.5u4%
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Estimates of Errors Assuming the System Could be Made to

Conform to Statisticsl Control.

(a) Error associated with the discriminator bank, the
digitizer, and associated circuitry:

100 sd/ﬁ = 0.041%

(b) Error associated with the package, the SCO's, and

assoclated circuitry:
100 sp/ﬁ = 0.042%

(c) Error associated with the analog recorders and

analog magnetic recording tapes:
100 sr/ﬁ = 0.522%

(d) Net reduction of error which is accomplished when

compensation is used versus when compensation is
not used:

100 S./R = 0.505%

From the foregoing summary it should be quite obvious that if
best results are to be obtained it is important that tape speed
compensation be used in the data reduction process. It is

also apparent that of the 1.000% error attributed to the FM/FM
system in Technical Report No. 2 that a large amount of this
error may be attributed to the effect of the analog tape
recorders. This latter contribution of error is quite

possibly one reason for the large interaction variance which
was documented in Technical Report No. 2.

D. RECOMMENDATIONS

1. Linearity Experiment. It is suggested that sub-

sequent research be undertaken to provide insight into the
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following areas.

a. X0-l PACKAGE. Experiments should, if possible, be
designed and performed to isolate the non-linear effect within
an X0-l package. Separate consideration should be given to
the subcarrier oscillators, the mixer-amplifier, the trans-

* 1 1

mitter, and the

ie internal circuitry of the physical XO-li pack-
age. Results of such experiments might reduce the design
requirements to eliminate the non-linear effect in future

packages.

b. MATHEMATICAL MODEL. It is desired to develop a method
to eliminate the separation of all degree effects at once.

Such a method should have the following characteristics.
(1) It should be a sensitive test.

(2) It should indicate at each stage of the
testing whether the appropriate model

has been obtained.

It is recommended that such a method be developed for deter-
mining the appropriate mathematical model for the system.
Such a method would prove useful in the data reduction pro-

cesSs.

c. ACCURACY ESTIMATE. In Section II-A-1 of this report
an indication was presented of how inaccuracy may result in
the system. However, no estimate of accuracy has been given
in the analysis. It 1is felt that the standard error asso-
ciated with the fitting of the mathematical model to the
means provides an indication of the accuracy. However, the
effects of accuracy are confounded with the effects of samp-
ling error (precision) in the standard error for the means.
Therefore, it is recommended that further research be initia-
ted to develop a method of separating an effect which can

be attributed to accuracy alone.
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2. Tape Recorder and Compensation Experiment.

There are recommendations for further study indicated by the
tape recorder and compensation experiment. The first recom-
mendation is that a study be conducted to determine if there
is any significant difference between analog recording tapes
of the type used in the ground station. It will be recalled
that in this experiment the effect of magnetic tapes was con-
founded in the effects of the tape recorders. A study should
be conducted to isolate tape effects, if any, from recorder
effects. A by-product of an experiment of this nature should
be the analysis of any interaction between tapes and tape

recorders.

The second recommendation is that an experiment of
the nature reported herein be performed and the data tapes
then sent to the computation laboratory for reduction. In
this way it would be possible to estimate what amount of
error is contributed to the system by the data reduction
process of the computation laboratory. This experiment would
not necessarily be as large scale as the one of this report
and it might be performed in conjunction with the analog tape

experiment suggested above.

The third recommendation is that the methodology
initiated in this report be extended to analyze existing and
future ground station systems. It is fully recognized that
the experiment of this report utilized several system compo-
nents which are no longer in operation in the telemetry
ground station. It is nonetheless felt that some very pert-
inent and useful information has been obtained through this
experiment and the method of analysis can be extended to
analyze future systems.
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APPENDIX A

SPECIAL TABLES



TABLE A-1

SUMMARY OF THE TESTS OF SIGNIFICANCE FOR THE FREQUENCY
STANDARD USING MODEL II AND a = 0.05
(Non~Significant Effects are Denoted by a Blank Space

and Significant Effects are Denoted by the Symbol X.)

Channel  Level Recorder Compensation Rec X Comp

0
25
50
75

100

AV

25

75
100

25 X X

75
100 X

25 X

75
100 X

25

75
100
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TABLE A-1l (continued)

Channel Level

10

11

12

0
25
50
75

100

25
50
75
100

25
50
75
100

25
50
75
100

25
50
75
100

25
50
75
100

FREQUENCY STANDARD

Recorder

Compensation Rec X Comp
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TABLE A-1 (continued) FREQUENCY STANDARD

Channel Level Recorder Compensation Rec X Comp

0
25
13 50
75
100

25

1L 50
75

100

25
15 50
75
100

25 X
16 50

75
100

25

17 50
75 X
100 X

25

18 50
75

100
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TABLE A-2

SUMMARY OF THE TESTS OF SIGNIFICANCE FOR SCO SET A USING
MODEL II AND a = 0.05
(Non-Significant Effects are Denoted by a Blank Space
and Significant Effects are Denoted by the Symbol X.)

"

Q

Q
3

Channel ~ Level Recorder Compensation Rec

0
25

2 50
75

100 X

oS

25

75 X X
100 X

25

75 X
100 X X

25

75
100 X

25

75
100
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TABLE A-2 (continued) SCO A

Channel Level Recorder Compensation Rec X Comp

0
25 X
7 50

75 X
100

0 X
25 X
8 50
75
100

25

75
100

‘ 25 X
10 50
75
100

25
11 50 X

75
100

25 X
12 50
75
100

L




TABLE A-2 (continued) SCO A

Channel Level Recorder Compensation Rec X Comp

0

25 X
13 50

75

100

25

1l 50
75

100

25

15 50 X
75

100 X

25
16 50
75
100

25

17 50
75

100

25
18 50

75
100
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TABLE A-5
2 2
VARIANCE RATIOS (o5 /Oy) COMPUTED FOR THE DATA

GENERATED BY THE FREQUENCY STANDARD
AND RECORDED ON RECORDER 1.

Input Level (Voltage)

CHANNEL 0.00 1.25 2.50 3.75 5.00
2 2.88 2.4 1.71 1.83 5,317
3 1.87 u.sef 5.37% 2.75 1.64
N 21.69%  11.11% 17.14% 85.56% 99.56™
5 0.19+  1.26 5.88% 2.20 3.16
6 1.55 2.02 0.75 2.51 0.38
7 1.34 1.25 1.78 1.78 L.26"
8 1.27 0.82 1.15 0.99 1.16
9 22.30%  10.77% 6.63%  24.93% 15.07%

10 8.02%  2.43 12.78%  15.18% 3.01
11 3.06 1.69 0.65 6.08% 0.03+
12 3.88 8.30" 6.04" 2.50 3.57
13 L.6Lh®  9.7L® 1.39 2.05 L.87%
1L 1.71 6.49% 1.70 3.70 1.90
15 1.57 1.07 2.8 3.18 7.22%
16 3.28 3.78 3.60 1.91 3.30
17 3.81 1.28 5.14% 2.91 3.91
18 2.68 5.56% 3.30 2.89 .90
F.025(9,9) = 4.03 #Ratio is significantly large at
@ = 0.05
F.975(9,9) = 0.25 +Ratio is significantly small at
a = 0.05
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VARIANCE RATIOS (o°

TABLE A-6

WOC

/oﬁc) COMPUTED FOR THE DATA

GENERATED BY THE FREQUENCY STANDARD
AND RECORDED ON RECORDER 2.

Input Level (Voltage)

CHANNEL 0.00 1.25 2.50 3.75 5.00
2 - 50.06% 43.84F  68.68% 12.88%
3 98.43%  16.54% 153.05%  L6L.00% 22.77%
L 91.10% 109.12%  205.68%  688.61% 57.107
5 1.92 0.76 0.41 0.19+ 1.98
6 0.73 0.27 0.75 0.91 0.83
7 0.98 0.23+ 2.70 0.55 0.26
8 1.36 0.69 0.63 1.15 0.43
9 72.40% 225.73%  13.74° 33.167 35.08"

10 28.08™ 17.457 L.56% 25.907 5.517°
11 32.83%  s55.70% 50.79%  129.16% 91.63%
12 7.08%  34.39% 30.39%  22.47F 8.73%
13 11.66%  s5.op® 3.60 6.57° 9.7,
1 3.20 7.76% 13.92%  18.68% 20.79%
15 12.31%  }.30% 2.28 9.05% 11.31%
16 11.97%  9.5y” 12.96%  12.29% 12.79%
17 7.67%  1.23 9.52% 5.01% 3.61
18 3.66  14.91% 30.36% 8.28% 35.18%
F.025(9,9) = ;.03 #Ratio is singificantly large at
a = 0.05
F.975(9,9) = 0.25 +Ratio is significantly small at

105
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VARIANCE RATIOS (o

2

TA

woC
GENERATED BY SUBCARRIER OSCILLATOR SET A

AND RECORDED ON RECORDER 1.

BLE A-7

/o2

wc) COMPUTED FOR THE DATA

Input Level (Voltage)

CHANNEL 0.00 1.25 2.50 3.75 5.00
2 L. 00 1.00 1.50 1.88 1.21
3 L.80%  1.17 7.81% 1.98 - ¥
n 1.45 8.64%* 7.81% 0.05+ 1.36
5 0.05+  0.92 6.09% 1.22 2.60
6 0.2L+  3.99 0.59 2.25 0.63
7 2.79 2.39 0.87 1.33 2.52
8 0.53 1.00 0.91 13.89% 1.08
9 5.53%  2.01 3.99 8.80% 19.007

10 7.75°  25.28% 11.34% 6.07% 2L.05*
11 6.47%  2.56 9.92%  21.23% 20.14%
12 1.31 3.95 5.8 0.75 2.55
13 10.36°  9.17% 10.72%  10.05% 3.31
1) 2.37 3.47 4.91%  25.91% 19.59"
15 6.22%  6.97% 2.4k L3.29% 1.23
16 L.02 7.68% 7.89% 8.73% 5.08"
17 7.27%  2.23 3.0 5.13% 2.91
18 2.59 11.83% 1.62 5.72% 7.45%
F.025(9,9) = 4.03 %Ratio is significantly large at
a = 0.05
F.975(9,9) = 0.25 +Ratio is significantly small at

a = 0.0S
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2
VARTANCE RATIOS (OWOC

TABLE A-8

/ofm) COMPUTED FOR THE DATA

GENERATED BY SUBCARRIER OSCILLATOR SET A
AND RECORDED ON RECORDER 2.

Input Level (Voltage)

CHANNEL 0.00 1.25 2.50 3.75 5.00
2 15.23%  8.34% 6.96 3.11 8.38%
3 5.07'ff' 73.u9ff‘ sm 6.86'f 19.47"
I 59.15%  14.207 12.49% 52.017 34.617
5 0.91 0.38 1.93 0.78 0.88
6 0.65 0.55 0.73 1.56 0.36
7 0.81 1.01 1.07 0.76 3.51
8 0.40 1.52 0.58 0.91 0.71
9 6L.3L%  82.62% 26.69%  83.01% 23.67%

10 37.91%  13.78% 2.27 18.96™ 53.06"
11 25.,%  39.19% 31.28%  31.60% 36l.89%
12 14.73%  3.7L 14.46% 2.00 2.50
13 17.20%  25.58% L.L* 10.90% 5.69%
1l 36.70%  8.2L* 7.72% 3.56 3.83
15 2.82  18.29% 3.01 12.94% 3.13
16 9.26%  7.02% 13.26% 7.04% 7.99%
17 8.14F 16.157 5.04%  15.89% 13.56™
18 14.51%  6.68% 15.26%  10.16% 20.11%
F.025(9,9) = .03 #Ratio 1s significantly large at
a = 0.05
F.975(9,9) = 0.25 +Ratio is significantly small at

10

7

a = 0.05



TABLE A-9
VARIANCE RATIOS (Og /oi) COMPUTED FOR THE DATA

GENERATED BY THE FREQUENCY STANDARD
AND REPRODUCED WITH TAPE SPEED COMPENSATION

Input Level (Voltage)

CHANNEL 0.00 1.25 2.50 3.75 5.00
2 0.00+  2.56 1.83 2.50 10.56"
3 0.59 9.00% 0.83 0.56 2.1
L 2.11 9. 4L 3.05 0.17+ oLl
5 10.66%  16.54®  116.51%  33.06% 19.19%
6 2.93 L.95% 3.88 I.81% 2.143
7 7.72%  2.75 11.12% 7.91% 25.69%
8 L.82%  26.23% 14.89%  11.47% 9.94%
9 1.55 0.45 1.37 3.20 2.62

10 0.63 1.78 6.93% 2.37 1.39
11 0.45 0.49 2.32 0.51 .00+
12 1.26 0.8l 0.79 0.46 2.15
13 1.21 4.97% 2.70 1.34 0.76
1L 1.49 3.55 1.18 0.76 0.78
15 1.40 0.77 1.87 2.06 3.48
16 0.47 2.67 2.79 2.10 2.65
17 0.97 0.93 1.19 1.53 3.06
18 3.0L 1.27 1.30 1.140 3.18
F.025(9,9) = }.03 #Ratio is significantly large at
a = 0.05
F.975(9,9) = 0.25 +Ratio is significantly small at
a = 0.05
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TABLE A-10
VARIANCE RATIOS (Og /Oi) COMPUTED FOR THE DATA
GENERATED BY THE FREQUENCY STANDARD
AND REPRODUCED WITHOUT TAPE SPEED COMPENSATION

Input Level (Voltage)

CHANNEL 0.00 1.25 2.50 3.75 5
2 22.5,"° s52.52% 47.05%  93.66" 25
3 31.29%  32.68% 23.73%  9u.91% 33
I 8.87F 92.76% 36.57% 1.36 2
5 107.84F  10.05% 8.11% 2.89 12
6 1.37 0.67 3.87 1.74 5
7 5.65%  1,.98% 16.8LF 2.4l 1
8 5.16%  21.91% 8.18%  13.31% 3
9 5.04F  9.46% 29.66" L.26" 6

10 2.20 12.82% 2.7 L.ou® 2
11 L.85%  16.29%  181.80%  10.88% 7
12 2.29 3.31 3.98 L.12% 5
13 3.0k 2.57 7.03% L.32% 1
1l 2.80 L.2u”® 9.65% 3.83 8
15 10.94F  3.08 1.72 5.85% 5
16 1.72 6.75% 10.04"  13.51% 10
17 1.96 1.11 2.21 2.63 2
18 L.16% 3.1 11.98% l. 00 22
F.025(9,9) .03 s#Ratio is significantly large
. =
F.975(9,9) = 0.25 +Ratio is significantly small

a
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.60
.88%
.55
.02%
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.66
.10%
.55
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.51
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VARIANCE RATIOS (Og /Gi) COMPUTED FOR THE DATA

GENERATED BY SUBCARRIER OSCILLATOR SET A
AND REPRODUCED WITH TAPE SPEED COMPENSATION

TABLE

A-11

)

5.00

2.33

0.56
6-2M*
2.81
5,08%
5.27"
3.58
1.19
0.1L+
0.81
0.88
7.07*
1.38
1.24
1.13
0.90

is significantly large at

Input Level (Volts
CHANNEL 0.00 1.25 2.50 3.75
2 5.38%  2.34 6.71% 2.85
3 5.07%  0.71 6.31% 2.6l
n 1.36 2.21 5.90% 0.03+
5 3.89 3.89 15.69™ 8.57"
6 1.97 6.00" 1.83 3.72
7 18.39%  9.70% 3.58 3.80
8 9.19%  1.49 7.47%  17.98%
9 1.11 0.40 2.07 0.29
10 0.77 0.89 0.55 0.69
11 0.6l 0.62 2.11 2.52
12 0.58 1.21 1.51 2.12
13 2.06 1.00 2.17 1.39
1l 0.85 1.04 1.70 7.85%
15 2.23 1.00 1.64 6.45%
16 2.60 2.83 1.23 5,117
17 5.31%  1.00 2.25 0.74
18 1.37 3.87 2.29 2.33
F.025(9,9) L.03 #Ratio
a = 0.05
F g7¢(9,9) = 0.25 +Ratio
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TABLE A-12

VARIANCE RATIOS (Gg /Gi) COMPUTED FOR THE DATA
GENERATED BY SUBCARRIER OSCILLATOR SET A
AND REPRODUCED WITHOUT TAPE SPEED COMPENSATION

Input Level (Volts)

CHANNEL 0.00 1.25 2.50 3.75 5.00
2 20.47%  19.54% 31,147 L.72% 16.17
3 5.35% 1. 6" L.39% 9.12% 18.27"
L 55.45% 3.6k 9.45%  29.66" 1.13%
5 72.16? 1.63 L.97% 5.5 2.12
6 5.7 0.83 2.29 2.58 1.61
7 5.33% L.12 L.Lo% 2.17 7,097
8 7.03%  2.27 L.72% 1.18 3.49
9 12.94%  16.52% 13.86% 2.76 L. L6™

10 3.78 1.53 4.99% 2.17 2.63
11 2.52 9.43% 6.65% 3.75 2.51
12 6.59%  1.1L 3.71 5.70% 0.79
13 3.41 2.80 0.90 1.51 1.51
1l 13.22%  2.46 2.66 1.08 1.38
15 1.01 2.62 2.03 1.93 3.51
16 5.99%  2.59 2.07 L.13% 1.95
17 5.95%  7,22% 3.30 6.59* 5.2L%F
18 7.66%  2.19 21.54% L. 15% 2,143
F.025(9,9) = L.03 #Ratio is significantly large at
a = 0.05
F_975(9,9) = 0.25 +Ratio is significantly small at
a = 0.05
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THE VARIANCES OF THE FP DATA

TABLE A-13

Input Level (Volts)

3.75

0.00 1.25 2.50
0.69 0.24 0.00
0.09 0.76 0.2l
0.16 0.16 0.16
0.2 0.21 0.16
0.21 0.09 0.20
0.16 0.16 0.09
0.29 0.09 0.16
0.21 0.09 0.00
0.2 0.21 0.00
0.89 0.20 0.24
1.0k 0.40 0.09
0.00 0.00 0.21
0.2l 0.00 0.00
0.16 0.16 0.25
0.21 0.45 0.00
0.49 0.21 0.21
1.01 0.21 0.21
TABLE A-1l

oJoloNoJeololoNolohoNoRe
|
o

oJoXoXoloNeoXeloNelololoNoRoRoRaNeRu 3V

CONTROL CHART COMPUTATIONS FOR THE DATA OF TABLE A-13

N

85
79
73
72

32

0.212
0.165

0.143
0.140

ycL=2.41L 5°

0.51
0.40
0.35
0.34
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LCL=0.00 ©

2

0.00
0.00
0.00
0.00




TABLE A-15

THE VARIANCES OF THE SAP DATA

Input Level (Volts)

CHANNEL .00 .25 2.50 3.75
2 .20 2L .85 .61

3 149 .25 U5 .25

L .69 8l .09 .00

5 .09 .16 - 0.21 .09

6 .21 .81 .21 .29

g .09 .21 .16 .00

.00
4l
.25
.21

1
.25
.16
.16
.09
.20
.76
.29

36
.65
29
.29

.16
.21

’_J

o
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o
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N

=
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o)
=
o
=
(@

TABLE A-16

2L .21
29
CONTROL CHART COMPUTATIONS FOR THE DATA OF TABLE A-15

N 5° UCL=2.l1l F° 1CL=0.00 &°
85 0.66 1.59 0.00
80 0.42 1.01 0.00
7l 0.36 0.87 0.00
72 0.3l 0.82 0.00
67 0.30 0.72 0.00
65 0.29 0.70 0.00
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CHANNEL

O O~ o\FEWw

TABLE A-17
THE VARIANCES OF THE FR1WOCP DATA

Input Level (Volts)

0.00 1.25 2.50 3.75
1.61 0.61 0.1 0.4k
1.29 0.41 1.29 0.4l
7.81 1.00 3.60 106.09
0.69 1.40 6.41 5.20
30.21 33.89 12.36 22.45
2.09 1.81 1.85 3.20
13.04 6.4l 25.29 11.56
21.41 13.36 5.0l 17.20
18.36 2.45 5.2 7.%&
17.60 8.24 1.69 1.8
6.21 6.6l L. 89 7.41
18.76 11.69 %.84 1h.76
9.16 30.16 .gu 23.8
7.61 16.61 10.81 16.41
29.6l 19.80 18.85 12.41
26.49 18.76 21.60 16.45
13.09 2l .45 17.84 12.76
TABLE A-18

o
oN e

FoOWw OO o Ul

= V) 4
- OWWE

CONTROL CHART COMPUTATIONS FOR THE DATA OF TABLE A-17

N 5° UcL=2.41l 5° LCL=0.00 5°
85 12.10 29.21 0.00
80 10.08 2.3l 0.00
77 9.38 25.65 0.00
76 9.19 22.19 0.00
75 9.02 21.76 0.00
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TABLE A-19

THE VARIANCES OF THE FRZ2WOCP DATA

Input Level (Volts)

CHANNEL 0.00 1.25 2.50 3.75
2 36.29 32.04 19.29 j1.21
3 0.36 13.40 30.61 41.76
I 9.24 92.76 131.64 14);.61
5 7h.j1 17.69 52.01 15.01
6 L1. 22.61 47.81 39.09
7 11.81 9.01 31.16 7.81
8 67.29  141.09 206.85 153.8)
9 107.89  126.41 149.49 73.29

10 o.u% 31.41 12.96 30.0L
11 5.3 134.25 307.25 161.45
12 .24 22.01 19.45 30.56
13 57.04 30.01 34.01 63.69
1l 25.6L 127.89 81.44 91.36
15 83.24 51.09 18.61 96.01
16 50.89 133.60 189.20 167.6l
17 51.8L 16.85 L7.69 43.25
18 YN 83.49 213.76 51.01
TABLE A-20

CONTROL CHART COMPUTATIONS FOR THE DATA OF TABLE A-19
N .

62

85
79
73
68
66

SIS
O\ O~
o~

UcL=2.l1l 3°

166.01
139.87
121.79
107.5h
102.83
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LCL=0.00 &

21.
13.
22.
39.
e

76.
63.
10.

109.
15.
31.

100.
72.

143.

1063.

2

OCOOOO0O

.00
.00
.00
.00
.00



TABLE A-21

THE VARIANCES OF THE SAR1IWOCP DATA

Input Level (Volts)

CHANNEL 0.00 1.25 2.50 3.75
2 0.96 0.41 0.36 2.80
3 2.69 0.81 1.25 1.21
N 0.6l %.Bu 1.6 1.21
5 0.49 .21 3.9 6.09
6 1.81 9.41 7.80 8.09
7 11.41 17.21 14.81 17.56
8 %. 1 lS-%& .96 16.81
9 16.36 5.80 .01 22.89

10 13.64 I 19 25.41 16.09
11 22.2 5.36 14.29 11.89
12 l}.56 12.49 5.65 1.41
13 33.2l 23.8L 37.41 26.2)
1L 12.2 29.29 2l.36 38.60
15 16.41 14.01 7.41 21.21
16 21.29 33.89 28.49 18.2)4
17 18.89. 19.24 23.96 15.40
18 16.84 33.61 7.29 25.140
TABLE A-22

’_l
oy oo |\
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CONTROL CHART COMPUTATIONS FOR THE DATA OF TABLE A-21

N 5° UcL=2.41l G° 1CL=0.00 5°
85 13.63 32.90 0.00
79 11.86 28.63 0.00
77 11.40 27.52 0.00
76 11.17 26.96 0.00
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TABLE A-23

THE VARIANCES OF THE SARZ2WOCP DATA

Input Level (Volts)

CHANNEL 0.00 1.25 2.50 3.75 5.00
2 19.65 8.01 11.21 13.21 .69
3 14.40 36.01 5.49 11.04 14.80
L 35.49 17.61 15.49 35.8 27.69
5 35.36 13.%0 19.69 33.21 12.64
6 9.85 7.84 17.84 20.89 9.0l
7 60.80 70.8L 65.21 38.09 119.45
8 33.81 35.04 23.41 19.8l 16.61
9 211.69 95.8l 111.04 63.09 5& 21

10 51.56 68.29 126.81 3L.89 5.80
11 55.96 50.56 95.09 Ll .56 32.8@
12 30.05 1.2 20.96 8.04 2.60
13 113.49 66.7 33.56 39.69 29.89
1L 161.85 72.16 6l;.89 L1.56 36.84
15 16.60 36.76 15.05 1;0.89 20.69
16 127.40 87.6L 59.01 75.29 38.4L,
17 112.41 138.89 79.04 101.41 111.29
18 129.00 73.45 157.05 105.29 73.21
TABLE A-2L

CONTROL CHART COMPUTATIONS FOR THE DATA OF TABLE A-23

N 32
85 52.13
78 43.31
72 37.58
69 34.97
68 34.20

UcL=2.41l 3°

125.8)
104.55
90.72
8l .42
82.56
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LCL=0.00 5°
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.00
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.00
.00



TABLE A-25

THE VARIANCES OF THE FRI1WCP DATA

Input Level (Volts)

CHANNEL 0.00 1.25 2.50 3.75 5.00
2 0.56 0.25 0.2i4 0.2% 0.16
3 0.69 0.09 0.24 0.1 0.25
I 0.36 0.09 0.21 1.24 0.09
5 3.64 1.76 1.09 2.36 1.04
6 19.45 16.80 16.41 8.96 22.21
7 1.56 1.45 1.04 1.80 1.09
8 10.2l 7.81 22.0L 11.65 18.01
9 0.96 1.2, 0.76 0.69 0.69

10 2.29 1.01 0.41 0.49 1.36
11 5.76 1t.89 2.61 2.4l 488.16
12 1.60 0.80 0.81 2.96 0.84
13 .ol 1.20 3.49 7.21 l}.25
1L 5.36 .65 .96 6.0 6.25
15 .84 15.49 L.36 5.16 1.84
16 9.0% 5.2l 5.2l 6.49 L.2k
17 6.9 1L.65 L,.20 5.65 L.ol
18 L.89 4.0 S.41 L4l 1.6l
TABLE A-26

CONTROL CHART COMPUTATIONS FOR THE DATA OF TABLE A-25

N 52 UCL=2.41l 5° LCL=0.00 5°
85 10.1L 2. 48 0.00
8ly L.45 10.74 0.00
75 2.90 7.00 0.00
70 2.149 6.01 0.00
66 2.2l 5.41 0.00
6l 2.13 5.14 0.00
59 1.86 L.49 0.00
5 1.59 3.83 0.00
L 1.13 2.72 0.00
43 0.97 2.34 0.00
Lo 0.86 2.07 0.00
39 0.82 1.98 0.00
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TABLE A-27
THE VARIANCES OF THE FRZWCP DATA

Input Level (Volts)

CHANNEL 0.00 1.25 2.50 3.75 5.00
0.00 0.6l 0.4l 0.60 1.69
0.1 0.81 0.20 0.09 0.61
0.76 0.85 0.6l 0.21 0.40
38.81 23.16 127.00 78.01 19.96
57.00 83.21 63.6 143.09 53.89
12.05 39.8 11.5 4.2 28.00
49.36 204.84 328.09 133.65 179.01
1.49 0.56 1.0 2.21 1.81
1.@4 1.80 2.8 1.16 1.89
2.60 2.4 6.05 1.25 1.20
2.01 0.6l 0.6l 1.36 1.81
%.89 5.96 9.%u 9.69 3.21
1L .01 16.49 5.85 L,.89 L.85
6.76 11.89 8.16 10.61 6.41
.25 14.01 14.60 13.6L 11.24
6.76 13.69 5.01 8.6 12.36
14.89 5.60 7.0l 6.1 5.21
TABLE A-28

CONTROL CHART COMPUTATIONS FOR THE DATA OF TABLE A-27

N 52 ucL=2.41l G- LCL=0.00 5=
85 22.27 53.76 0.00
75 7.80 18.83 0.00
68 5.0l 12.17 0.00
60 3.81 9.20 0.00
53 2.87 6.93 0.00
L9 2116 5.91, 0.00
13 1.91 L.61 0.00
36 1.28 3.09 0.00
3l 1.13 2.73 0.00
33 1.08 2.61 0.00
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TABLE A-29

THE VARIANCES OF THE SARIWCP DATA

Input Level (Volts)

CHANNEL  0.00 1.25 2.50 3.75 5.00
2 0.2l 0.41 0.2l 1.49 0.2l
3 0.56 0.69 0.16 0.61 0.00
L 0.4l 0.56 0.21 22.29 1.00
c 10. 0l 8.96 0.65 5.00 2.29
b 7.69 2.36 13.29 3.60 8.81,
! 3.09 2.20 12.01 13.21 6.69

.09  15. Ll 1.21 I.ll
9 2.96 2.%3 2.01 2.60 0.6l
10 1.76 1.76 N 2.65 1.0l
11 3.4 2.09 l.u% 0.56 0.65
12 3.09 3.16 0.9 1.89 1.29
13 3.201 2.60 3.119 2.61 6.00
1 516 8.4l 1196 1.19 1.36
15 2.6l 2.01 3.04 0.49 .80
16 £.29 %.%1 3.61 2.09 3.89
17 2.60 .61 6.96 3.00 7.29
18 6.49 2.84 4.49 I ly. ol
TABLE A-30
CONTROL CHART COMPUTATIONS FOR THE DATA OF TABLE A-29
N 52 UCL=2.41l 3° LOL=0.00 3°

85 3.98 9.61 0.00

79 3.12 7.53 0.00

73 2.67 6.1,5 0.00

68 2.36 5.70 0.00

67 2.30 5.55 0.00
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TABLE A-31
THE VARIANCES OF THE SARZWCP DATA

Input Level (Volts)

CHANNEL 0.00 1.25 2.50 3.75
2 1.29 0.96 1.61 4.25
3 2.8 0.49 1.01 1.61
I 0.60 1.24 1.24 0.69
5 39.05 34.84 10.20 u2.84
6 15.16 14.16 24.36 13.41
7 5.21 69.84 60.89 50.16
8 3.56 23.04 40.61 21.76
9 3.29 1.16 .16 0.76

10 1.36 1.56 1.24 1.84
11 2.20 1.29 3.04 1.41
12 2.04 3.81 1.45 .01
13 6.60 2.61 7.56 3.6l
1l L.h1 8.76 8.41 11.69
15 5.89 2.01 5.00 3.16
16 13.76 12.49 L.45 10.69
17 13.81 8.60 15.69 2.21
18 8.89 11.00 10.29 10.36
TABLE A-32

w o ool OoOHND
[ ] » » ] L ]

CONTROL CHART COMPUTATIONS FOR THE DATA OF TABLE A-31

N 5° UCL=2.L1l 5° LCL=0.00 5°
85 11.82 28,5l 0.00
75 6.32 15.2¢ 0.00
69 L9 11.93 0.00
62 3.93 9.49 0.00
5g 3.09 7.6 0.00
L9 2.4 5.89 0.00
L7 2.26 216 0.00
L6 2.18 5.07 0.00
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